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FOREWORD

This is a technical report of a theoretical and experimental
study conducted by the Electrical Engineering Department of Auburn
University under the auspices of the Auburn University Engineering
Experiment Station toward the fulfillment of the requirements prescribed
in NASA Contract NAS8-20154, This work is a continuation of that
described in NASA Technical Report No. 9, Contract NAS8-5231, and
this report includes some pertinent text material from that report

(No. 9, NAS8-5231) for clarity.
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ABSTRACT

An engineering design of a unique transponder system for the phase
measurement of VLF signals is developed and evaluated., The phase
measurement over a two-way path, which is performed by the system,
is independent of the incidental phase errors of the associated
transmission equipment and is a result of phase-coherent system design.
Hence, the actual measured phase changes, which are twice the one-
way phase change, are a function only of the propagation medium,

The system design reviews the basic fundamentals of the propaga-
tion of electromagnetic energy within the earth-ionospheric cavity
for short distances. The required power and the signal-to~noise
ratio for the proposed propagation system are investigated. The design
techniques associated with VLF receiving and transmitting antennas
are discussed and analyzed in regard to (1) the static antenna capaci-
tance, (2) the effective height, (3) the radiation resistance, (4) the
ground system, (5) the radiated field strength, and (6) the antenna
pattern factor. The effect of a finite ground conductivity on the
over-all propagation in this region is also explored. An engineering
design of the system, which meets the requirements for the phase
stability measurements, is presented.

An antenna design technique for obtaining increased static

antenna capacitance of an umbrella antenna with negligible decrease

iii



in effective height is presented, This antenna design employs a
multiple-wire construction which effectively increases the surface
area of the antenna rib and, thereby, the total antenna capacitance.
Scale model studies with various rib diameters from 1/2 in to 9 in
for a 12-rib umbrella antenna indicates that a 20 percent increase

in capacitance can be obtained for rib diameter ratios of 18:1. Two

full scale antenna structures, which have 12 ribs of 9 in diameters

” and are 300 ft in height, have been constructed using this technique,
- and a 24 percent increase in capacitance was obtained as compared
to the theoretical value of a similar antenna with a 1/2 in rib
diameter,

The system construction, which consisted basically of two
300 ft umbrella antennas and their associated equipment, is
described. The over-all experimental system performance is compared
. to the engineering design data. The measured and theoretical values
of the radiated field strengths compared favorably for one propaga-
tion path. However, the other path exhibited a somewhat lower

propagation efficiency as a result of lower ground conductivity in

the area surrounding the transmitting station. The diurnal phase

- change for the propagation path was measured and predicted to be of
the order of 1 psec at the operating frequency. The accuracy of
the phase measurement was found to be 1 part in 190,

In addition, a computer-aided technique for SNR measurement

employing a time interval counter is presented. This technique




yields a measure of the period of the signal-plus—noise in a digital

form. This digital data can be recorded along with the phase stability

data on magnetic tape, and the SNR can be monitored almost continuously

to indicate phase measurement accuracy.
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A PHASE STABILITY STUDY SYSTEM FOR VLF
PROPAGATION OVER SHORT DISTANCES

C. E, Smith and E, R. Graf -

T. INTRODUCTION

The exact prediction of the propagation characteristics of electro-~
magnetic fields in the earth-ionosphere cavity is virtually impossible.
The problem is extremely complex and it has been investigated by many
o engineers and physicists. These investigations have contributed much
to our knowledge of the problem, and their results have made possible
reliable predictions of the propagation constants of this medium in
many cases. The main factors which influence the complexity of the
problem are the boundaries of the propagation medium. These actual
or apparent boundary surfaces of the ionosphere and earth are neither
well defined nor homogeneous with respect to inherent electrical
properties. The ionosphere is, of course, the stratum lying between
40 to 50 km and several earth radii. In this region, free electrons exist
in sufficient quantities to affect the propagation of radio waves.

The region is also divided into layers of different electron distributions,
and these distributions vary continually as a result of the ionizing

energy and high-energy particles received from the sun., These ionizing

effects are then clearly related to the earth's daily and seasonal

rotations, the well-known sunspot cycle, solar flares, sudden ionospheric

disturbances (SID), and even planetary dynamics through its casual effect

on the sunspot cycles.1 The boundary of the earth's surface is more

clearly defined because of the abrupt change in density of the earth-

i
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atmosphere boundary. However, the land masses do not present a uniform
surface, and both the electrical conductivity and dielectric constant

vary tremendously because of the wide distribution of different minerals

within the earth's crust, and, to some extent, because of the ground

water level and other tropospheric effects. In addition, the earth

o

boundary can include a mixed path propagation (land and sea) which
can influence propagation characteristics. The ionosphere boundary
layer, likewise, exhibits some degree of roughness and stratificationm,
- and, thus, cannot always be considered a smooth reflecting surface.

Tt has been found that high frequency (3-30 MHz) propagation in

the earth-ionospheric cavity is characterized by:

(1) unreliability during ionospheric disturbances, and

(2) fairly rapid and deep fading, both of which are very

undesirable.2

These disadvantages are a direct result of the propagation environment.

The only major advantage of the high frequency transmission is the
relative simplicity and smaller financial investment for the basic

terminal equipment. The adverse properties can be minimized by operating

at lower frequencies where the propagation characteristics become

more stable. This lowering of the operational frequency will eventually
lead to the curtailment of the use of high information rates in the
network because of the limited usable bandwidth. As a direct conse-

gquence of this relative increase in propagation stability, the




3
1
faild

interest in the very-low-frequency (VLF) spectrum (3 to 30 KHz) has
increased steadily during the past two decades. The stability obtained
in voice communications at VLF frequencies has been known from the
advent of radio, and as a result VLF transmission has been used by

the Navy for long-range communications to ships at sea since about

the turn of the century. The increased interest is a result of the
discovery that the stability of VLF propagation over long paths (greater
than 1000km) approaches that required for precise navigation and
dissemination of world-wide time and frequency standards.> This increased
stability for long propagation paths is a result of a waveguide mode

of operation which occurs as the height of the earth-ionosphere cavity
approaches distances comparable to the wavelength of the operating
frequency, and thence the roughness of the boundries become a smaller
portion of a wavelength. If a phase comparison of two stable signal
sources is made over such a long path, a regular diurnal change in

phase is obtained. This change, on an east-west path, commences some
half hour before sunrise at the eastern terminus as the electron density
in the ionosphere increases when more and more energy is absorbed from
the rising sun. The phase change continues smoothly until just before
sunrise at the western terminus, and remains constant until about

sunset at the eastern terminus, and, then, it changes smoothly until

the nighttime condition is obtained. These diurnal variations are

quite regular for long paths and are the major phase variation obtained.
By using this relatively stable mode of operation, frequency determina-
tions of better than L x 1071l have been made over short periods of

time over such long paths.4 Also, as a direct consequence of the
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apparent propagation stability, several VLF navigational systems have
been investiagated, and a dual-frequency system, Radux-Omega,5 is being
tested and implemented.

However, VLF propagation at short distances is not necessarily
as stable,and it is much more sensitive to causal phenomena simply
because of the geometry of the problem. The propagation of VLF signals
at distances less than 400 km can be described in terms of the summation
of a ground wave and single or multiple reflections from the ionosphere.
The stability of such a transmitted signal of a one-way path is dependent
upon the propagation medium, the atmospheric noise, and the measuring
equipment. The major source of phase error in the interconnecting
transmission and receiving system employed in the measurement is the
transmitting antenna. In 1arge antenna structures there are slow
variations caused by changes in transmitter impedance, which are in
turn caused by heat dissipation in tuning coils and short time variations
resulting from wind-loading and related effects.6 The degree of accuracy
of the phase comparison measurement of this one-way transmission path
is thus inherently limited by any one or a combination of the influencing
factors described above; that is; if the phase of a VLF signal received
from a high-stability source is compared with a signal received from
another high-stability signal source, then the variation or change
in the measured phase is interpreted as a change of electrical distance
or phase difference between transmitter and receiver. This total phase
variation can be attributed to the phase variations in frequency stan-
dards, associated interconnecting transmission and receiving equipment,

propagation medium, noise, antennas, or a combination of these
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phenomena. Numerous investigations, have been made in order to
characterize the propagation characteristics of the region in which
the ionosphere affects VLF propagation. One-way phase-comparison
measurement does not allow for the determination of absolute phase-
change between the two points unless an independent link between the
points having a known and stable phase shift is established. The ground
wave signal, which is relatively stable, has been utilized as the one-
way-path receiving station phase reference at distances up to several
hundred kilometers in order to determine VLF ionospheric propagation
characteristics on an absolute basis. Commercial telephone circuits
have also been employed to transmit reference signals to receiving
stations in order to obtain similar information.ll

The purpose of this study is to develop a system for studying the
absolute phase stability of propagated VLF signals, and which will
eliminate errors caused by the antenna and frequency standards or the
references of the system. The proposed system is a two-way transmission
system, in which a signal at frequency fl is transmitted to the transpon-
der station, where it is then re-transmitted at a phase-coherent frequen-
cy f2 slightly offset from fl. Frequency f2 is received at the reference
station, and, after being phase-coherent frequency offset, it is com-

pared with the transmitted frequency £ , as shown in Figure 1. Thus,

1°
the problem of establishing an independent link of known phase shift

is by-passed, and the total phase change over the path may be directly
attributed to the propagation medium. The phase variation is essentially

twice as large since the transmitted signal has traversed the path

in both directions. The data obtained from the experiments
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utilizing this system are to be used to furnish information about

phase and amplitude stabilities at very-low-frequencies resulting

from variations in the propagation medium and the associated transmission
system. It is expected that the data will be useful in determining
predictable measures for the short and long term phase stability of

the propagation medium, and these measures can be utilized for precise

phase comparison measurements over small distances.
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IT1. SYSTEM DESCRIPTION

The proposed phase-stability measurement system has been established
over an approximate range of 300 km, between a control station and a
transponder station. This distance was selected to insure that the
geometry of the propagation path would be intermediate with regard to
the long-range (1000 km) condition and the near-vertical incidence
condition at the desired operating frequency. The actual propagation
path employed is 200 air miles, and it runs between Auburn~Gold Hill,
Alabama, and Fairhope, Alabama, as shown in Figure 2. The average
electrical conductivity of this path increases monotomically by a

factor of two12

proceeding from the northern to the southern terminus
of the system, which is approximately one mile from Mobile Bay. The
intervening terrain is characterized by rolling hills gradually sloping
towards the South. It is interesting to note that the elevation of
the transmitting sites changes from 105 feet on the coast to 715 feet
at the inland station. The path is approximately Southwest from the
Auburn area. The coordinates of‘the Gold Hill transmitting station
are 32°41'58"N latitude and 85°29'48"W longitude, and those of the
Fairhope Station are 30°13'14"N latitude and 87°932'34'W 1ongitude.13
Phase measurements will be made over this two-way path by
(1) transmission of a continuous wave (CW) signal to the transponder

station at Fairhope from the transmitting station at Gold Hill,

(2) synthesis of a phase-coherent CW signal frequency-offset from the

8
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Fig. 2.--Geographical location of the propagation path for
the phase stability measurements.
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Gold Hill signal, (3) transmission of this phase~coherent signal to a
control station at Auburn, and (4) comparison of this received signal
with a signal synthesized from a reference signal obtained at the
control station. A simple block diagram of this measurement system
was presented previously in Figure 1., The measurement technique presented
in this figure does not automatically cancel or correct equipment-
induced phase errors. Careful control of the terminal operation
functions is required to eliminate internal phase variations, and,
thus, to insure that the phase data is not contaminated by spurious
information which may also be related to the same independent variables
as the propagation medium.

The first step taken to insure that these errors were eliminated
was the use of separate transmitting and receiving stations at the
originating terminus of the signal network. By separatingAthe two
stations approximately seven miles along the propagation path (the
receiving station is located very nearly on the path between the
two transmitting stations), the transmitted signal can be sampled as
it is propagated toward the transponder station and then employed as
a phase reference for comparisonvmeasurements at the control (or
receiving) station located at Auburn.

This technique will effectively cancel the phase variations
introduced by the transmitted signal in the overall phase measurement
because the actual propagated signal, which contains the phase variations,
is used as a standard or reference for the measurement. These phase
variations are, of course, caused by physical variations of the antenna

and its enviromment, and by effects of the complete transmitter. In
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all other sections of the control and transponder stations, phase-
lock loops (feed-back control systems which maintain phase input-
output relations) are used to maintain phase-coherent operation, and,
thereby, phase-stable operation of the system. An in-line phase
control loop is employed which also includes the transmitting antenna
at the transponder station. The phase of the transmitted signal from
the transponder is sampled, and any variations in the phase of the
propagated signal caused by antenna changes are cancelled in a manner
which maintains coherenence between input and output signal phase.

A complete block diagram of the phase measurement system is
presented in Figure 3. The basic building blocks of this instrumen-
tation are the four conventional VLF receivers. These receivers act
as active filters, which have extremely narrow effective bandwidths, so
that signals having very poor signal-to-noise ratios (SNR) can be
detected. These receivers are double conversion systems, which use
local oscillator frequencies synthesized froﬁ a reference source,
for reception over a wide frequency range in a phase-locked mode.

The phase comparison performed by the receiver is based upon a com-
parison between the total argumeﬁt of the sinusoidal input and reference
signals. Since the frequencies of both sources will always be slightly
different, the receiver continually compensates for this difference
(which is sensed as a phase error) as well as for any phase changes. The
main functions provided by these instruments are to supply a noise-

free output signal which is phase-coherent with the input or received

signal, and to supply a record of the total accumulated phase difference
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between the input and reference signals. The phase stability and
response of these units determine the ultimate limit of system accuracy.
A phase-lock receiver is not required at the originating transmitter
station, which is composed of a frequency standard,* a frequency
synthesizer, a power amplifier, a tuning coil, and an antenna. The
control station employs one receiver to sample and establish the phase
reference from the signal transmitted to the transponder. This reference
signal is used as a reference for another receiver to perform a phase
comparison, which is related to the two-way phase measurement.

The transponder, which includes standard transmitting equipment,
employs one receiver to establish a noise-free signal, which is phase-
coherent with the signal transmitted to the transponder. This signal
is used to synthesize a phase-coherent signal, which is offset 1 KHz from
the received signal. This particular frequency separation was selected
to eliminate dispersive effects in the propagation medium, and to
minimize receive-transmit interference at the transponder. Another
receiver in a modified form is employed to form a closed phase loop
around the antenna structure so that the coherence between the received
and actual propagated signal from the transponder can be maintained, as
also shown in Figure 3. Thus, a signal is transmitted to the transponder,
where it is frequency-offset in a phase-coherent mode, and then it is

re-transmitted to the control station. At the control station, this

*The stability required depends on the effective system bandwidth
and response time.
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signal is compared with the reference, which was sampled from the "down-

going" signal, The phase measurement obtained is independent of the
instrumentation, which is not the case in a one-way phase comparison

system, and, thus, it indicates the total two-way or composite phase-

shift introduced by the propagation medium.
ﬂi All modern VLF phase tracking receivers are equipped with a
facility for securing amplitude variation data. Amplitude data can
;i be simultaneously recorded and compared for the separate one-way
propagation paths. This information indicates the magnitude of the
= amplitude stability, and also gives a measure of the difference, if
e any, in the amplitude stabilities in the two propagation paths.

In addition, the phase variations introduced by the transponder
transmitting antenna can be obtained from a record of the phase error

in the in-line phase-lock loop (modified receiver). These data yield a

L measure of the phase error introduced by the transmitting antenna

f} utilized in this phase comparison system.

) The frequency of operation of the Gold Hill transmitting Station

% is 20.9 KHz, and the Fairhope Station operates on 21,9 KHz with
frequency stabilities in the raﬁge of 1 part in 1010. Each station

Qﬁ is remote-controlled from the Auburn Control Station by means of

commercial telephone circuits, and the phase stability data will be

recorded on magnetic tape in digital form to facilitate a computerized

statistical analysis of the data,.

|
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IIT. SYSTEM DESIGN

General Concepts

The propagation of electromagnetic energy at the low-frequency (LF)
and the very-low-frequency (VLF) portion of the spectrum in the earth-
ionosphere cavity has been extensively investigated, both experimentally

and theoretically, during the past fifty years. Budden,14 Wait,15 and

. 16
Pierce, as well as others, have contributed greatly to the increased

interest in the propagation problem at these frequencies, and to the
over-all solution of this problem in the earth-ionospheric cavity.

A vast amount of knowledge has been accumulated from all the many
studies, and, as a result, relatively accurate predicitons of VLF
propagation characterisitcs can be obtained. However, the precision

of the predictions of the existing fields is limited, principally
because of the complex boundary conditions which exist in the propaga-
tion region. FEven with the large amounts of experimental and theoreti-
cal data and the advancement of related technology, it has only been
during the last ten years that improvements in the methods of engineering
of LF and VLF systems have been made. Belrose, et gl,,17 have presented
one of the first detailed discussions of the factors that influence

the design of LF communications systems. Only within the past several
months has a very detailed coverage of VLF system design been available
for general usage.18 General design data for specific VLF systems

were, of course, available previously.lg’20

15
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The solution to the basic propagation problem must satisfy Maxwell's
electromagnetic equations within the bounding media. The exact analytical
solution of these equations can not be obtained for the actual media
because of the complex nature of the physical properties that are
involved. 1In order to obtain a reasonable determination of the
propagation theory of VLF waves in this media, simplified models,
which are based on idealized boundary conditions, have been used to
obtain analytical solutions to the related problem, and the results
of experimental studies have been used to describe empirically pertinent
propagation characteristics. TFor distances wherein the near field
components are negligible, there are three basic modes of propagation:
(1) ground wave, (2) sky wave, and (3) guided wave. For large distances,
the total field can be represented as the sum of a number of modes in
which the energy is propagated between parallel boundaries similiar to
waveguide propagation.14sl5 For short distances (less than 500 km),
the total field existing at a remote point in relation to the source
can be considered as the sum of the ground wave and of the sky wave,
Since this study is related to short distances, geometrical ray
theory can be employed,18 in conjﬁnction with ground wave propagation
theory, to describe the propagation problem.

The ma jor design considerations are involved in two factors
which influence system behavior. These are: (1) the propagation
medium (including effects of the ground wave, conductivities, the
amplitude of the sky wave as a function of transmission distance,
frequency, time of day, season, amplitude and characteristics of

atmospheric noise), and (2) the antenna system (with special
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emphasis on efficiency and economy).17 This study is an investigatioﬁ,

both theoretical and experimental, of the design and development of a

system which will perform the functions outlined in the System Description.

Propagation of VLF Waves Over Short Distances

Basie Concepts

1

Before the engineering design is approached, the theory of VLF
propagation over short distances will be reviewed briefly. This

discussion will be limited to the case where both receiving and

transmitting antemnnas are located on the surface of the earth, and

only the vertical component of the propagated electric field will be

considered.

If a received signal is at a distance L, measured along the earth's

g
surface from the transmitting source, then it can be thought of as

comprising contributions both from the sky waves and the ground wave,

as shown in Figure 4. 1In this simplified case, the generalized form

of the received signal will be proportional to the total field strength,

m% E,_, where
’ P
3 Et = Eg + Z Es,m (1)
m=1
Eé = Amplitude of the ground wave,
and
Es,m = Amplitude of the sky wave (the required m, the number of

reflections, for magnitude determination decreases “rapidly so that a

good approximation is obtained from a finite number of the components).
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The phase of EE continually changes because there are periodic and

nonperiodic variations generated in the sky wave E; m’ relative to the

s
reasonably constant phase of the ground wave. These variations, in
general, are a result of ionospheric phenomena. The magnitude of

the total field strength is a function of the reflection height, the
reflection coefficient, and the phase of the ground wave. This total
phase variation, which is independent of equipment-induced phase error,

is the major quantity to be investigated by means of the proposed phase

measurement system.

The Ground Wave

12,18

The contribution of the ground wave to the received signal

strength can be expressed as

- s s | ; -
= —T— , an .
g Lg

o =¢I+ﬂ/2-BLg+¢A

g
where IFSI is the unattenuated field strength at one mile from the
antenna over a flat conducting plane (which is a direct function of
the radiating structure), A is the media attenuation factor, ¢I is
the antenna current phase, ¢A is the media phase change, p is the
free space propagation constant (Zn/Ko), lo is the free-space wave-
length at the operating frequency, and the +x/2 and - 5Lg are two
phase factors inherent in Fs' This expression is a result of

21

Norton's  work, which reduces an existing complex field solution

to a simple numerical evaluation for engineering applications.
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The attenuation factor is a function of the frequency, the polarization,
the distance with curvature, the effective earth conductivity, and
the dielectric constant of the earth., It has been shown that for short
numerical distances, the attenuation factor varies almost exponentially

with distance as

o "0.43p + 0.01p2 ,

A = 3)
where
g cos b; numerical distance,
P = AX
-1/ ep T 1
b = tan — ,phase constant,
x = olwe, ,
o = earth conductivity,
€,= relative permittivity,
and
€,= actual permittivity
for

b < 5° and p < 4.5,

This theoretical solution (Equation 2) for the ground wave propa-
gation is based upon the assumption that electromagnetic waves are
propagated on the surface of a homogeneous spherical earth in the

absence of an ionosphere. Thus, the wave propagates on a curved

surface and the field decreases because of: spreading of the energy,

refraction loss, and absorption at the earth's surface due to the
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finite conductivity. There still exists some disagreement about

the use of the actual earth's radius or the four-thirds earth's

radius concept to account for atmospheric refraction of waves at

’ However, J. R. Wait has indicated recently

that the four-thirds concept is valid down to about 10 kHz.18 This

these frequencies.

controversy involves a multiplicative factor of about 1.7 in the field
calculations. The four-thirds earth's radius concept is used to cal-

culate the resultant fields in this study.

The Sky Wave

The sky wave for the short distance path is obtained by reflection
from an apparent surface between 60 to 90 km above the surface of the
earth. This actual ionospheric layer of reflection is composed of a
region of charged particles with varying density gradient about the
earth. The actual electron or ion density of this ionospheric layer,
which is basically controlled by absorption of solar energy, is
quite sensitive to any ionizing forces and recombination activity.
Effects due to meteors, solar flares, sunspots, magnetic storms,
thermonuclear explosions, and the normal seasonal and daily rotations
of the earth have been observed for a long period of time through
the use of electromagnetic waves. The results of these investigations
have given a basic characterization of the electric properties of
this layer. This layer is immersed in the earth's magnetic field

because of its proximity, and, as a result, the incident field can be
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converted in polarization.

This polarization conversion is a direct result of the movement
(created by the incident electromagnetic field) of the free electrons
in the layer in the presence  of the earth's magnetic field. The
path of the moving electrons do not follow the incident field, and
their curved or distorted motions create fields of other polarizations.
It is well to note also, that at VLF frequencies the electrons move
farther during a cycle, and the collision frequency of the electron
with other particles increases. This creates a mechanism of energy
loss and the ionosphere has a finite conductivity. These phenomena
make the theoretical treatment of the reflecting surface rather complex
and difficult to analyze. Therefore, experimentally determined reflec-
tion coefficients are generally employed to describe the propagation
characteristics of the sky wave. This reflecting ionospheric layer,
as has been indicated, varies with time, frequency, geographical
location, and, to some degree, direction of propagation. Hence, the
calculated values of the actual fields are just reasonable estimates
which depend on the precision of the value of the reflection coefficient.
Figure 5 presents several curves which indicate some of the variations
of the magnitudes and phases of the reflection coefficients with time
and frequency.

The effective amplitude of the sky wave at the receiver location
is a function of the distance, the reflection coefficients of the
ionosphere and of the earth, and the antenna characteristics. 1If

the finite conductivity of the earth is considered not to alter the

-vertical radiation characteristics appreciably for this propagation
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path, the amplitude of a m*" reflected space wave from a vertical radia-

tor at a distant point is

Gt(ig)Rm Dmcos(ig), (4)

Ls,m

and

bgm = ¢y + /2 - BL, - 2ZWATE + o

where Gt(ig) is the normalized voltage gain of the transmitting

antenna, cos(ig) is the term which converts the E field of the down-
coming wave to a vertical polarization component, (ig) is the angle
z of incidence of the sky wave with the earth (see Fig. 4), Ry is the
composite reflection coefficient of the ionosphere¥, Lg,, is the
T I length of the mth sky wave path, D, is a factor introduced by the
focusing or convergence effect of the ionospheric reflecting surface
(which will be treated in a later section),22 ¢p is the phase of the
i? ionospheric reflection coefficient, 2xATf is the additional sky wave
delay, AT is the time delay between sky and ground waves, and f is
‘‘‘‘‘‘ } the frequency. The total electric sky wave field is then the sum of

all possible ray paths between the transmitter and receiver in the

earth~ionospheric cavity. On the single-path ray, the amplitude and

¥R, = 20 mLogl”R”l+ 20(m-1) Log ]Rgul, the subscript notation, H, denotes
that the electric field of the incident wave is parallel to the plane of
incidence and the notation,l, means it is perpendicular to the plane of
the incidence.

o
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phase of the received vertically-polarized field is simply altered in
form by the complex reflection coefficient “ R ”. A field component is
also generated and exists in the plane perpendicular to the plane of
incidence (plane of vertical polarization). This generated field
component is a result of the energy conversion process discussed
earlier, and it has a magnitude related to the incident field by
a complex conversion coefficient ” R l .

If the case of a multiple-hop path is considered (as in Fig. 5,
m = 2), the field strength can no longer be simply altered in magnitude
and phase by a single reflection coefficient. The received vertically-
polarized electric field for m = 2 is reflected at three points ((1) the
ionosphere, (2) the ground, and (3) the ionosphere) before it arrives
at the receiver location. Since the incident field at the first
ionospheric reflection is converted into two orthogonal components,
and at the ground, these fields are simply reflected for high conduc-
tivities; then it is easy to see that the two orthogonal fields may
now be converted into four components upon the secoﬁd reflection from
the ionosphere. This reasoning can be extended to higher order reflec-
tions, which indicates the degree of complexity of multiple-reflection
field strength calculation. 1In most analyses, the energy loss by
conversion is assumed megligible and the total reflection coefficient

m-ll. It is

for a nth order reflection is simply IRmI = l“ R ”l ]Rg“
well to keep in mind that each reflection coefficient is a function of
the angle of incidence, ig.

Thus, the total electric field over a short distance can be

determined in terms of (1) two factors, |§;| and A, (2) the experimentally
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or theoretically obtained ionospheric reflection coefficients, and
(3) known constants for the electrical properties of the earth's surface.

Signal-To-Noise Requirements

Sensitivity Requirements
The design of any communications system is based upon the determi-

nation of the radiated signal power to noise ratio required to exceed

a given threshold which yields a valid estimate of the information
content actually transmitted. Since the design of the complete system
is dependent upon the determination of the required radiated power,

a careful study has been made to determine an estimate of the required
power needed for accurate phase measurement. This study was based
upon the technique for determining the required power for a VLF
transmission path presented by J. A. Pierce,16 and it was assumed that
this data was sufficiently accurate over the range in question
(approximately 320 km or 200 miles): Pierce's technique employs the

highest measured value of atmospheric noise in the United States,

called Kansas noise, as a basis for extracting power requirements for
a given signal-to-noise ratio, SNR.

Since the criterion for radiated power is related to receiver

sensitivity, it is desirable to base the calculations on a VLF

phase tracking receiver system presently available for utilization in

the proposed system. A typical receiver¥ having a sensitivity of

0.01 yv for a -20 db signal-to-noise ratio into the tracking filter

for positive automatic gain control (AGC) action was selected. The

¥RMS, Inc. VLF Phase Tracking Receiver, Model 1312, for example.
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bandwidth for this SMR is 50 Hz and the tracking filter has a band-

width of 0.002 Hz. Hence, the SNR existing in the tracking filter is

SNR = -20 + 10 loggg (BT%%ED = 24 db. (5)

From the available information for the determination of required
power, a curve indicating the variation of SNR as a function of fre-
quency and power of a 320 km path length has been prepared and is
presented in Fig. 6. The original calculations are for SNR's for a
1 kHz bandwidth, and are a function of frequency for several powers
at the required distance. The right ordinate of this curve is the SNR
in reference to Kansas noise for a tracking filter bandwidth of 0.002 Hz.
For a transmission frequency of 20 kHz the required power is approxi-
mately 2.4 watts, as determined from the curve. It must be noted
that the determination assumes that no additional noise is added by the
preceeding receiver stages and by the antenna. At these frequencies,
the assumption is valid because the noise figure of the available
equipment is sufficiently small in most cases (on the order of 3 to 5
db in modern receivers).

Additional examples of atmospheric noise, as a function of
frequency at various locations, are presented in Fig., 7. It is
important to note that all values of noise are below the recorded
Kansas noise. The median value of noise in this latitute (32°N)

as presented in Reference Data for Engineers (ITT), is approximately

26 db below Kansas noise at 20 kHz. The measured average of noise

peaks at 15 kHz which was measured near Gainesville, Florida (28°N),
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Kansas (39°N. Lat.)L6

CRPL "100 db" Curve

Ottawa-Seattle1
(47°N. Lat.)

No. 1 Gainsville
(28°N. Lat.)
Summer

ITT Handbook

e — (30-50° N. Lat.)

No. 2 Gainsville
(28°N.Lat.)
Winter

i ]

10

20 30
kHz .

Fig. 7.--Examples of the variation of atmospheric noise with
frequency at various locations at the most noisy time
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is approximately 16 db below Kansas noise; this average was obtained
from a study performed by the University of Florida Electrical Engineering

* ,
Department, Because noise levels generally decrease with frequency,

the noise as measured in the University of Florida study is seen to be

at least 10 db below Kansas noise. Since all recorded noise data

g indicate that the existing noise level in this region is at least 10 db
below Kansas noise, then a shift of 10 db for the SNR to Kansas noise
for the 0.002 Hz bandwidth indicates that a radiated power of approxi-
mately 100 mw is required for 320 km at 20 kHz.

These curves (Fig. 7) were based upon the required SNR for positive AGC
control as specified by the receiver manufacturer; thus, additional
receiver sensitivity may be obtained by operating without AGC, which
will permit a lower than normal set point for the receiver tracking
filter input level. TUnder the specified conditions, a radiated power
of 100 to 200 mw should be sufficient for communications over this

path during all periods except those in which ambient noise is excessive.

***** : It is interesting to note that the major source of atmospheric

1 noise in the VLF band comes from radiation due to lightning discharges.

The energy from these discharges is scattered by propagation in the

4
A

earth-ionosphere cavity as a guided wave. The major frequency compo-
2

nents peaks about 10 kHz. Thus, it is easy to understand the variation

of atmospheric noise with changes in geographical location since the

major storm centers are located in definite regions.

#Private Conversation : Dr. T.S. George, University of Florida, Gainsville, Fla.
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Accuracy Requirements

The signal-to-noise ratio existing under measurement conditions
for the phase stability study will influence the accuracy of the

measured data. The uncertainty of this measurement could detract from

the credence of this measured data if the error introduced is of

sufficient magnitude. A measure of this error can be calculated as

described by SkolnikZ3 by considering a continuous sine wave

P

7 is the phase. If a noise component is introduced in the transmission

A sin(2rft + ¢p) where AP is the amplitude, f is the frequency and ©¢
P

system with the CW wave, it will cause the apparent amplitude to differ
from the true amplitude by an amount AAP= n(t), as shown in Fig. 8.

The measurement of phase can be considered as the measurement of
time from a zero-axis crossing of the waveform. The error in time

il

due to the noise is

5 At n(t) (6)
S Slope of Sine Wave at Zero Crossing

where

slope = A 2rf.
p t:O p

Therefore, the rms phase error is

%

@) ,

® ¢ = 2xft = 2xf Ap2nf (7)

3
i
g
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Fig. 8.~~Sinusoid plus neise.
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:! 1
where (m(t)%)% is the rms value of the noise. Now
1
(n(t 2)6
0, - RO o
" or

1 1 k
5¢p = =
282 /__,\% 2 sNR Y ©
rms nZt)

i
where AP= 2”°Arms and SNR is the power signal-to-noise ratio.

If the power signal-to-noise ratio in the phase-lock loop (24 db)

for positive action of the AGC of the RMS receiver is considered, then

- 1
By = (10)

(2 x 252)%

or

8¢, ® 1/22.5 radians or 2.54°, (11)

The deadtime or tracking error of most VLF phase tracking systems is

in the order of 0.1 jusec. The mechanical error thus introduced is

t
50y = %j 360° , (12)
and
0.1 x 107° o
g, = —=E o 360 (13)

50 x 10~°
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or

5oy, = 0.72° . (14)

Hence, the measurement accuracy will be determined primarily by the

2

existing SNR of the measurement system and will be less dependent on

- the introduced mechanical error. This SNR error corresponds to about

i i

1 part in 140. Therefore, the accuracy of the phase measurement will
ultimately be determined by the signal-to-noise ratio error of the

mechanical control error, whichever is larger.

Antenna Requirements

Transmitting Antenna

General Discussion

Any practical vertical antenna for the propagation of the electro-

magnetic energy in the VLF spectrum will be electrically short because

of the impossibility of erecting self-resonant structures at these long

[

wavelengths. The main considerations of VLF transmitting antenna design

are, in most cases, (1) the amount of power required to maintain communi-

|
A

cation over the required range, (2) the value of antenna quality factor
(Q) required to satisfy the bandwidth requirements of the modulated
system, (3) the efficiency, and (4) the cost. 1In this particular

system, the power requirement and cost are the determining factors.

The quality of a vertical radiator, with respect to efficiency and

power capacity, increases with height. However, at the very lowest

o

frequencies, and practical vertical radiator is in the order of
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several degrees of electrical length, and hence it is necessary to
utilize some form of capacitive top loading in order to obtain even
the minimum required performance. The required amount of top loading
is usually determined by the maximum allowable antenna voltage for
high power installations, although tuning requirements may influence
the final choice for low power transmitting installations.

In VLF transmitting antenna design, there is no real optimum design
for a particular structural configuration, because additional efficiency
or bandwidth can be obtained by increasing the antenna height, top
loading, ground plane size, etc. The cost-performance relationship
increases rapidly for improved operation because of the increase in
price per foot of erecting and maintaining the antenna structures,
and the cost of higher voltage insulators required for large transmitted
péwers.

A survey was made to determine some antenna configuration which
would perform under the required conditions, and which would be
financially feasible. Two configurations have been considered as
possible transmitting antennas. One is a diamond-shaped top-hat
antenna fed by one, or multiple, down leads, and the other is an
umbrella antenmna, which is a simple vertical radiator utilizing
guy wires as loading elements. Since the umbrella antenna has the
simplest physical configuration, it, in general, costs less to erect
and maintain; thus, the umbrella type antenna was selected for utili-

zation in the system.



36

Vertical Radiator Characteristics

The main disadvantages of VLF propagation are the high cost and
the practical difficulty of erecting antenna structures with
dimensions appreciable with respect to the operating wavelength.
VLF antennas are usually some form of an electrically short vertical
rediator.

The usual model of the simplest and most often used VLF transmitting
antennas is a short vertical monopole over a conducting flat plane.

If only the vertical electric field at the plane surface is considered,

it can be shown12 that

E(t) = -1 [ fM(t';dt +M(t'; + dM(t') /dt } (15)
Lg Volg Volg

where E(t) is in volts/meter, M(t) is the changing vertical electric
moment, I, x h,, in ampere meters, Io(t) is the antenna current in
amperes, he is the antenna effective height in meters, Lg is the distance
from the source to the point of observation in meters, v, is the wave
velocity of free space, and t' = (t-Lg/vpo). The first term on the left
of (15) is the electrostatic field contribution, the second term is the
induction field, and the third term is the radiation field contribution
to the complete field. The tangential magnetic field also has a similar
form which consists of both an induction and a radiation field. The
electrostatic and the induction fields are related to the actual

ground losses in the quasi-static fields in the near vicinity of

the antenna; however, the radiation field is of interest to the
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propagation problem at this point. At distances far from the antenna
the radiation field predominates because it decays only as the inverse
of the distance and the other contributions can be considered negligible.
Now, if a uniform current distribution is assumed for a single monopole
over a conducting plane with a current magnitude I, then it can be
shown that the unattenuated field strengthz4 at the surface of a per-

fectly conducting flat earth one mile from a simple vertical radiator

is
|Fg| = 37.25 1, [ 1-CosG } millivolts/meter (16)
Sin G
where
W 3 £ Py 3
I,={ 5 , antenna base current, or T =K\—— >
R o
t R, -
w = total antenna power input,
P.= radiated power,
Ry = total antenna resistance, Ry = Rr + By,
Ry = radiation resistance,
Ry, = Effective loss resistance,
h = 360°/), angular antenna height,
G = 2xa/A, radian antenna height,
and a = antenna height.
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1f G<<2x, which is the case for electrically short antennas, and I,

is expressed in terms of radiated power, the field strength is

[Fg| = 37.25 ( ‘> { @ - 6% ] (17
Ry -
or
- P\ %
[Fg| = 37.25 <;\-‘2> (G/2) mv/meter, (18)
r

where the approximations for the series expansions

cos ¢ % 1-G2/2

R

and sin G G

are employed. The established expression for radiation of a short
vertical radiator is

Rp 2 10 % % h?/312 (19)

for h < 30°. The substitution of (19) in (18) yields a field strength

of

. i
lfsl ¥ 5.9 (F; >2mv/meter, (20)
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which is independent of antenna height for a constant radiated power. -
Equation (19) requires that a specific power be radiated regardless of
the radiation resistance, which is a function of antenna height as
indicated in Fig. 9 for Itop/Ibase = 0. A comparison of this result
with the larger field strength at one mile obtained from a quarter
wavelength vertical antenna indicates only an approximate five

percent difference. This result is easily deduced from the field
strength distribution in the wertical plane around a one-quarter

wave length antenna, and a short dipole or infinitesimal antenna

above a lossless ground plane.25 The radiation pattern factor of the

short dipole is
Gt(e) = Sin 6 2n
and for the quarter wavelength antenna it is

Ge (03214 =228 L2 Coe ©) (22)

where 6 is measured from the vertical. The pattern of the quarter
wave antenna is only slightly more directive than the pattern of the
short dipole, and the magnitudes are maximum for 6 = 17/2 (along the
ground plane).

A similar, yet different, analysi324 has been made by others

wherein the input power w is held constant for a perfectly conducting
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ground. On this assumption, equation (15) becomes

- 3

[F | = 37.25 (R__W__._> Sz;-mv/meter (23)
r + By

for G K 2x. For RL = 0, perfectly conducting earth, and a lossless

antenna system,

'FSI = 5.9 (W)? mv/meter, (24)
which is similar to equation (20), and also indicates that the field
strength is independent of antenna height. However, (24) applies for
a lossless antenna system. If RL # 0 then the field strength decreases

with height since

%

limit IESI = Llimit { 37.25 <1—-§—Vi’———->§] - 0 (25)
G0 G =0 L 0G™ + Ry

for G<<Znx. Equation (23) is usually plotted for various values of
equivalent loss resistance in more relevant references, and hence it

can create some misunderstanding if the power is not clearly specified.
This type of analysis is certainly correct, and it is employed to
emphasize the effect of radiator height on antenna efficiency for a
fixed available power input. But, because only small radiated powers
are required in the proposed system, the antenna efficiency is not the
main concern, and the theoretical field strength can be considered
independent of antenna height if power sources are available to maintain

a constant radiated power regardless of radiation resistance.
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The considerations thus far have applied only for an entirely
lossless antenna system. In practice the losses encountered greatly
influence system performance because the radiation resistance is
extremely small, as indicated in Fig. 9. These losses occur in
the tuning inductance, in the vertical radiator, in the insulators,
and in the ground resistance as shown in the equivalent circuit
given in Fig. 10.

The tuning inductance is required in order to reduce the driving

voltage for the antenna reactance which is of the form

XA = Z0 cot a (26)
where

Z, =60 Jn ( %1 - 1) 27
and

r, = effective radius of the‘antenna.

The reactance, capacitance, and required tuning inductance as a
function of height for a simple vertical radiator is presented in

Fig. 11. The tuning inductance is excessively large for unloaded
towers, which indicates the need for capacitive top loading; however,
even with capacitive top loading, practical.tuning inductors usually
have loss resistances in the many hundreds of milliohms or more. This

resistance is much larger than the radiation resistance of an antenna
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Base XA —_

Rg
= Inductive Tuning Reactance
RI = Inductor Loss Resistance
R, = Radiation Resistance
RA = Antenna Loss Resistance
Rg = Ground Loss Resistance
X, = Antenna Capacitive Reactance (Top Loading)

Fig. 10.--VLF antenna equivalent circuit.
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of several electrical degrees of length. The antenna loss resistance
is usually negligible if the component parts of the vertical radiator

are bonded together satisfactorly, and are of sufficient surface area.

Ground Resistance

The ground resistance Rg is an effective resistance referred to

the antenna equivalent circuit, which is calculated from

% Rg’ _ Power Loss in GroundZSystem _ E%_ ] (28)
(Base Current) I0

Typically, the ground resistance is not less than several hundred
z milliohms at these frequencies. The power dissipated in the ground
is the result of conduction currents induced in the resistive ground
system. Radial ground wires are usually employed to minimize this
loss, which makes the tota1>p0wer loss in the ground the sum of the
power loss in the wires (Py), the ground adjacent to the wires (Pe),
and the ground beyond the ground wires (PX)° Through the placement
of a sufficient number of wires of the proper length and size, the

power dissipated in the wires, and in the earth adjacent to the wires,

can be reduced to an acceptable value. Most sources of information

related to the selection of ground plane size recommend that approximately

120 radial ground wires at least 0.3\ long be utilized for minimum

ground resistance. However, this is not at all practical for wave-

lengths in the order of tens of miles because of the space requirement.
Since this requirement is impractical, a study20 has been made

to determine the effective resistance of the ground with respect to
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a short vertical radiator and a short radial wire ground plane. This
simplified study was based upon the assumption that the total power
dissipated in the ground system was the sum of the dissipated powers
in (1) the wires, (2) the earth adjacent to wires, and (3) the earth
beyond the radial wires. The resistance was calculated by the num-
erical integration of the power loss density about the antenna in the
earth's surface down to about one skin depth. The power densities
were determined from the current distribution of a vertical radiator
over a ground plane of infinite conductivity, and an available expres-
sion for the relationship between the current in the wires and in the
earth adjacent to the wire for different wire configurations and depths.
Results from the study are presented in Fig. 12, which relates the
effective ground resistance to ground wire length for several antenna
heights. The rapid decrease in effective ground resistance at very
short distances from the antenna is a direct result of the very rapid
decrease in current distribution as a function of distance from very
short vertical radiators.z4 It indicates, at least from a circuits
viewpoint, that small effective ground resistances for short antennas
can be obtained through the use of radial ground systems of lengths
less than three-tenths of a wavelength.

27 and others have investigated the

Wait and Pope,26 Abbott,
calculation ofithe power loss in buried wire ground systems. Their
approach is from a strict or rigorous electromagnetic field point-
of-view where the calculated losses are described in terms of the E

and H fields. The E field loss occurs as a result of the return

ground currents created by the displacement currents surrounding the



Gt

-
b
1
-

Effective Ground Resistance in Ohms

47

o

1076 mho/cm,

£ 20 kHz

No. of wires 120,
Wire size No. 8, and
Brackets indicate antenna

height @ 20 kHz,

4 h = 2.19°(300 £t )
h = 1.460(200 ft )
] h = 1.19(150 ft )

h=0.733 °(100ft )

50 100 200 300 500 800 1000

Ground Wire Length in Feet

Fig. 12.--Effective ground resistance, Rg, as a function
of radial ground wire length.
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antenna. The H field loss is caused by the existing H field around
the vertical radiator which actually forces currents to flow radially
toward the base of the antenna. waever, the results are for ratios
of antenna height, a, to wavelength of greater thanm a/)\ = 0.025,
The ratio of a/\ for this system is smaller by a factor of five or more,
and, hence, these results cannot be readily be extended to the system
parameters for accurate predictions of ground current losses. The
trend of smaller ground resistance for smaller ratios of a/\ at a
given distance exhibited in Fig. 12 for the simplified study is quite
evident in their results. It is thus felt that the results presented
in Fig. 12 give a reasonable estimate for the ground resistance with

an accuracy suitable for engineering purposes.

Top-Loaded Antennas: Theory

As indicated in Fig. 11, the reactance of a short vertical radiator
increases rapidly as the height decreases. Thus, an extremely large
voltage is required to establish the antenna current necessary for a
specified power output. This is true because the current on the antenna
is determined almost entirely by the reactance which is very much
larger than the radiation resistance. It is a common practice to
employ 2 series inductance to resonate the antenna. With this configura-
tion driving voltages and desired current are obtained. For
the short vertical antennas the required tuning inductance is quite
large, as shown in Fig. 11, which makes it desirable to employ top
loading. In this system, top loading, which consists of adding some
form of "capacitive hat,” serves three desirable purposes: (1) it in-

creases the effective height; (2) it reduces the required tuning induc-
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tance; and (3) it lowers the base voltage.

The increase in effective height resulting from top loading is
caused by the change in current distribution as can be observed in
Fig. 9. The top-loading capacitance prevents the current from decreasing
to zero at the top of the antenna such as occurs in the case of a
capacitor terminating an open-circuited transmission line. Since
the current has a value greater than zero at the top, the average
current over the total antenna length is increased. The field strength
and effeétive height of an electrically short antenna is proportional
to this average value of current, and any increase in the average current

distribution along the length of the antenna tends to increase the

measured field parameters. Top loading can increase the effective

height by, at the most, a factor of two because of the relationship
between the triangular current distribution without top loading and

the limiting value of a constant current distribution along the total
length of the antenha. The added capacitance may be obtained in several
different ways, but the simplest method of achieving large amounts of
top loading is the use of the umbrella antenna. The umbrella antenna

is basically a vertical radiator with wires extending away from the top
of the radiator in a manner similar to that of an extended umbrella as
shown in Fig., 13, Additional capacitive top loading may be obtained

by connecting the ends of the umbrella rib wires together, as shown in
Fig. 15 (connecting wires are called antenna skirt wires). Experimen-

tal results indicate that a decided increase in antenna capacitance can

be obtained by utilizing this technique in the construction of electrically

small antennas. This increased capacitance is a function of the area
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459 d

—\ .

Insulator

i
ke z‘}
-
d = Distance from top of radiator to insulator
i D = Distance to extremities of umbrella support wires

{
!
airid

a = Antenna height

Fig. 13.--Diagram of umbrella rib configuration.
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enclosed by the skirt wire and of the height of the wire above ground,
or a combination of both d and D. The skirt wire does tend to reduce
the effective height of the antenna.because the enclosed triangular,
conic sections tend to shield the vertical radiator. This construction
technique is an approach used to reduce the antenna capacitive reactance,
thereby minimizing the required tuning inductance. A compromise must
be made between the antenna effective height and the required tuning
inductance, depending upon the relative importance of each parameter
for a given antenna system. Such an antenna configuration has been

28

examined experimentally by C. E. Smith and E. M. Johnson, and theoreti-

cally by L. C. Smeby.2?
From their experimental results, it was concluded that the optimum
length of the umbrella wires is not necessarily independent of fre-

quency; however, the optimum radiation resistance is obtained when

the value of d is approximately
d = 22 (29

as defined in Fig. 13 for electrically short antennas. (See also

Fig. 15). Experimental results for a circular wire, or skirt,
attached to the ends of the umbrella wires indicate that the optimum
radiation resistance occurs for a given d slightly less than the
specified value. 1If d is increased beyond the point of optimum
radiation for a fixed value of D, or, if D is increased with d fixed,
then the capacitive reactance of the system is decreased. Through the

varying of d, a compromise can be effected between efficiency and
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capacitive reactance for the reduction of the tuning inductor
requirements, which is, of course, extremely important in this

system . Satisfactory results have also been obtained with

4 - 5= (30)

17

by others™’ without excessive shielding of the vertical radiator. Their

results indicated that radiation resistance increased with an increase

in D, and that this dimension should be as large as possible structurally.

The theoretical study by Smeby29 showed that, through the use of
the optimum length of the umbrella ribs, the vertical radiation
characteristics are the same as they would be from the radiator
without top loading. Smeby describes a modified skirt umbrella in
which the umbrella wires are connected at the outer periphery by
a skirt-wire, and in which the alternate rib wires have an insulator
at the top of the antenna. This configuration was suggested as an
approach to obtain larger radiation resistance., The skirt on the
standard umbrella was thought to be mechanically undesirable, in
practice, in view of the fact that the same resistance can be obtained
with an umbrella of slightly greater radius.

An expression for the base terminal voltage can be developed from
the antenna equivalent circuit of Fig. 10. For a given antenna

height, the base voltage is

vV, = Iz (31)



G

where

2] 5, (32)

|z! [(Rr+RA+Rg)2+KA;

From the theoretical discussion it can be seen that

R, = R.+ Ry, = R, + Ry + Ry (33)
- and
|Xa| >> Re;
thus,
5 [Vp| ¥ I Xa > (34)
L . 1
» W 2 Er_ 2 3
- lvbl <-§\—|~> XA' = ( R XA: ( 5)
r
or
L 0.32 ()%

vp| = — fa- (36)

If the antenna capacitance is increased by means of top loading
for a given antenna height, the base voltage will decrease. The base

voltage is of primary interest since it determines the quality of the
The base

base insulator required for a specified radiated power.
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voltage varies inversely with antenna height as described by (36), and
it is presented in Fig. 14 for a radia£ed power of lw. The base
voltages for several umbrella antennas discussed in a later section
of this chapter are also recorded in this figure, and are based upon
experimental scale model capacitance measurements. The curves can be
extended to other voltages by multiplying the ordinate values by the
square of the ratio of desired power nermalized to lw.

The voltage distribution over the gn;enna tends to follow a
cosine law of distribution, with the maximum voltage occurring at a

point on the antenna most distant from the base terminals. This

voltage distribution is a function of the terminal voltage, of the

antenna self-inductance, and of the capacitive fringing effects. The
voltage at the most distant point on the antenna30 is usually approxi-

where f is the operating frequency and f, is the frequency at which
the antenna is electrically A/4 in length. 1In this case, f<<f,, and

hence
Ve ® 1.05 |V |. (38)
This result should be expected since the entire antenna structure is

only a fraction of a wavelength. The voltage at any point on the

structure should be approximately equal to the base voltage, where
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500 4

Fh
il

20 kHz

100
100 ££(2990pf)
with skirt

X
X

50 A :
150 £t£(2520 pf)

d = 5a, 1/2" rib

ANTENNA BASE VOLTAGE IN KILOVOLTS

| 7
end
1
o
b 300 £t (5740 pf)
/" d =5a, 9" rib
X 7
|
| 1 O T . I T :
100 200 300 400 500

ANTENNA HEIGHT IN FEET

Fig. 1l4.--Maximum antenna base voltage (rms) as a function
of antenna height (no top load).
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edge effect may cause a variation of up to 10% of this value.

The basic efficiency of antennas such as these is

n = Power Radiated x 100% , (39)
Power Input

which can be expressed in terms of the equivalent circuit parameters

of Figure 10,

Rr
R n o= x 100%, (40)

Ry + Rp + Ry + Ry

where the inductance XL with loss resistance RI is included as a

part of the antenna system. This inductance may be replaced in

Y

practice by a Pi, T, or an L matching section; however, for the

present purpose , a series inductance with a loss resistance is

o satisfactory. The radiation resistance (see Fig. 9), with top

loading will have range values of:

l.6mQ < Rr < 6.8 mQ for a 100 ft. antenna,

i 4mQ < R. < 15 mQ for a 150 ft. antenna,

! (41)
v mg <R, <27 mQ for a 200 ft. antenna, and

16mQ < Rr < 60 mf) for a 300 f£t. antenna.

The maximum top loading becomes more difficult to obtain as height

increases for umbrella antennas because of the shielding of the verti-
cal radiator; and, furthermore, maximum top loading cannot be obtained

with simple structures.
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A recent inﬁestigation of electrically short umbrella top-
loaded antenna331 has indicated that the static effective height
of such structures can be determined by approximating the integral
equation describing the antenna charge distribution. This is accom-
plished by dividing the integral (or antenna configuration) into
a finite number of segments over which the charge density is assumed
constant, and wherein the integral is represented by a set of simultaneous
linear equations. The results of this computation of the integral
are presented in the form of nomograms relating the capacitance, the
effective height, and the quality factor Q of the umbrella antenna as

a function of height, d, D, and the number of umbrella ribs where

r. /a

L 1x 1073,

1072,

il

rzla
Ty is the effective radius of the antenna tower,
and r9 is the effective radius of the umbrella rib wires.

From these nomograms, the effective height h, of an umbrella antenna

wherein
N =12,
d = 5a/7, and
D=a

is determined to be

h, ¥ 0.5a , (42)
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which is exactly the effective height of an unloaded vertical antenna.
This decrease in the anticipated effective height results from the
fact that the rib length exceeds the value for optimum radiation.

This particular choice of an antenna configuration was investigated
because maximum static capacitance is desired. The configuration will
be discussed in the following section. A feasible estimate of the
system performance can hence be based upon the radiation resistance

of a vertical radiator with no top-loading capacitance.

Top-Loaded Antennas: Experimental

In the design of antennas, considerable information related to
the impedance characteristics and the radiation pattern of a given
structural configuration can often be obtained from a scaled model

mounted on a large ground plane.32

Scale factors as large as one-
hundred to one (100:1) can be utilized to obtain useful information
if the structural design is carefully scrutinized. 1Intricate details,
such as lattice structures, wire configuration, etc., can be idealized
through the use of some simple geometric forms wherein the measurements
are corrected accordingly.

Four scale model VLF umbrella antennas of 100, 150, and
300 feet have been constructed for the determination of the static
capacitance of the structures. Thevalue of antenna capacitance
is extremely important since it determines the required tuning in-
ductance, and the total base voltage, for a given transmitted power.

The 100-foot antenna consists of an ungrounded, triangular, vertical

radiator, which is three feet on each side, and an umbrella, consisting
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of eight ribs with skirt. Each rib is in a éage form of four wires on
a four-foot square, as shown in Fig. 15 and 16. The 150- and 200-
foot antennas consist of ungrounded.triangular, vertical radiators
with eight single-wire ribs with skirt at a 450 angle from the
vertical, as shown in Fig. 17. Static capacitance measurements were
made at a frequency of one thousand cycles per second, using a simple
audio frequency bridge with the antenna mounted on an effective 20-foot-
square ground plane. The corrected full scale measured capacitance
values are recorded in Table 1 for several structural Variations of the
basic designs including some structures with 12 ribs. 1In addition,
capacitance measurements were made at the proper scaled frequency for
these models in an effort to determine the actual operating capacitance.
The results are also presented in Table 1. Since the scale factor was
extremely large (in some cases 200:1), it was impossible to scale all
the physical parameters of the structure so that more information could
be obtained (loss and radiation resistances, for example.) Although
there was some difficulty in modeling the structures, the wire sizes,
the tower dimensions, and the 1attice construction were approximated
as closely as possible.

The static capacitance of top-loaded umbrella antennas can be
determined using the nomograms developed by Gangi, gg'gl.,31 described
earlier in this chapter. The capacitance of a vertical radiator

where

]
H

300 feet,

[a W
H

5a/7,
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60
Ribs

Skirt

e

j———-— 100 ft

Fig. 15.--VLF umbrella antenna design (1).

/L\ d=§-§'=43ft
7

115 ft

4 - wires on 4 ft

o square w/skirt

60 ft

——————————————————— /—pole

107.5 ft »e— 207 —

Fig. 16.--Rib construction for 100 ft VLF umbrella antenna.
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d = %} = 64.5 ft

91 ft
8 single wire w/skirt

le— 450
Note: multiply
S dimensions by

a.
El for antenna

64.5 £yl

having height a;

fe—nie—e 150 £t

100 ft
(2)

Fig. 17a--Rib construction for 150 and 200 ft VLF umbrella
antennas with d = 3a/7.

3
d =22
‘ 7
‘450 150 ft.
£
U+
™~
(]
i)
)
g
R ===
i
150 ft (b)

Fig. 17b-~Rib construction for 150 and 200 ft VLF umbrella
antennas with d = 5a/7.
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D= a,
and N = 12

is determined to be
Cp 24140 pf, 43)

for the nomograms given in the referenced report. The value is

within fifteen percent of the measured scale mode capacitance (Table 1,

No. 18 which has a slightly larger rib radius) of

Cy, * 4800 pf 44)
for such a structure. The calculated value obtained from the nomograms
are only valid for a ratio of rib radius to height (rp/a) of 1073 and
a ratio of two rédii to height (rl/a) of 5 x 1072, Gangi, et gl.,SI
state that an order of magnitude change (larger or smaller) in ry/a
affects the parameters by less than 4 20 percent. A comparison of
the data from Table I indicatesvthat the static capacitance for these
structures, which can be predicted from both scale model and nomegrams,
can be determined to a satisfactory degree for design purposes. The
data also indicated that a considerable increase in capacitance can
bg obtained from increased rib diameters,

The umbrella antenna exhibits, in most cases, a significant

improvement in antenna performance over the simple vertical radiator.

However, the umbrella has the distinct disadvantage of increasing the
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mechanical load on the supporting tower. Taller vertical radiators,
such as the 150 and 200 foot antennas, are more difficult to load
capacitively, with minimum shielding of the radiator, unless additional
tall, rib-supporting structures are utilized. However, a strong 100
foot towér can be heavily top loaded, through the use of shorter
inexpensive supporting structures, without shielding the vertical
radiator. In any case, the maximum capacitive loading is required
at these frequencies in order to reduce the base voltage and the tuning

inductance required for reasonable transmitter output voltages.

Summary of Antenna Design

Unless electrically large structures are employed, the design of
the transmitting antenna to be utilized in this system is electrically
very small because of the long wavelengths involved. The design of
electrically small structures presents a class of unique problems.

The large antenna capacitive reactance, for antennas of less than

two degrees of electrical length, is by far the most important con-
sideration in the design of electrically small antennas. 1In order

to obtain even small radiated powers, the antenna base wvoltages reach
enormous proportions, and large tuning inductances are required in
order to reduce the driving voltage of the untuned antenna. Since the
loss resistance increases as the inductance increases, it is mandatory
that the required tuning inductance be reduced if reasonable antenna
efficiencies are to be obtained.

1t has been shown that the radiation characteristics, for a
specified radiated power, are independent of antenna height. Employing

this philosophy, several antenna configurations were constructed, and
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the reactance characteristics measured. Two basic designs were used.

In the first case, d (the length of the ribs) and in the other case,

D (determining factor of the angle from the vertical for a fixed rib

length) were each varied in order to obtain the antenna reactance

characteristics. A 100-foot umbrella antenna, using multiple wire

ribs with D > a, has a larger capacitance (2900 pf) than any of the

150 ft antenna structures investigated. This large static capacitance
can be obtained by means of the proposed utilization of inexpensive
supporting structures (creosote poles) fér the rib support, and D
would thereby be made as large as structurally possible. At larger

heights, a structure using physical supports for the umbrella ribs

would be even more expensive than a simple top hat supported by four
f large towers. By extending the tower heights to 200 or 300 feet, and

by using the maximum length for 12 ribs without skirts (d = 5a/7),

capacitances of 3390 and 5740 pf , respectively, can be obtained,
(See Table 1, and use a linear scale change). The 200-foot antenna,
loaded in the specified manner, yields only slightly more capacitance
f than the heavily loaded 100-foot structure. The 300 foot antenna
with large diameter ribs produceé an almost 2:1 increase in capaci-
3 tance over the 100 foot antenna, which results in a large improvement
in over-all efficiency because the loss resistance decreases with
required tuning inductance (in the order of 12 wmh), and because the

radiation resistance increases with the increase in height.

After considering the cost-performance characteristics of several
different antenna configurations, the 300 ft umbrella antenna design

which had the largest ribs diameter(9 in ) was selected as a transmitting
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antenna. The cost was, of course, somewhat higher than the other

structures, but it was felt that the taller antenna would have much

better coupling efficiency and a more reliable and predictable radiation

pattern.

The antenna final design consists of a 300-foot tower (3 ft tri-

angular cross-section) top-loaded as shown in Fig. 18. Each rib is

3 constructed of a multiple-wire configuration, which in turn consists
f} of six wires equally spaced on nine (9) inch plastic spacers, as
shown in Fig. 19. This particular configuration is employed to increase
z the effective rib diameter so that a larger over-all antenna area and

a greater capacitance can be obtained. Parasitic inductance is increased
somewhat by this configuration; however, it should be negligible in

this case since the total length of each rib is only a fraction of a

wavelength.

Receiving Antenna
{ The receiving antenna requirements are less severe than those of

the transmitting antenna at VLF frequencies. Since the ambient atmos-

1
J

pheric noise is much greater than the inherent noise introduced by the
receiver, the SNR is established on the basis of the atmospheric noise,
independent of the receiver characteristics. The efficiency of the
receiving antenna is thus of minor importance, since both the noise
and the signals are reduced in the same proportion for any given

efficiency for non-directional antenna systems. The only requirement

of the antenna is that the effective height, or aperture, be large

enough to ensure that the received signal is above the receiver sensi-
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‘ Antenna Rib Wires, d = 5a/7
1 and D = a.

.
B 3

/— Insulator

& F 1 \ Guywires
i
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i

Vertical Radiator

Fig. 18--An umbrella antenna design (2).
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Non-conducting 9 in diameter
Spacer

“
@

1/4 in to 1/2 in in Wire Size

Fig, 19--Multiple-wire rib configuration.
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tivity for a sufficient SNR.

The receiving antenna usually employed in such investigations is
a standard whip antenna of about 3 meters physical height and 0.3 cm
to 100 cm of effective height. 1If beth the field strength and the
receiver sensitivity are known, a compromise can be made to obtain an
antenna structure which will satisfy all requirements.

Since the SNR is set independent of the receiving system, directive
arrays are of considerable importance, because the total noise received
is reduced, thereby yielding higher SNR's. Loop and wave antennas have
been utilized in certain applications to some advantage; however,
neither the small effective height of the loop antenna, nor the large
physical dimensions of the wave antenna are desirable for the present
system requirements. For future requirements the loop antenna might
possibly have some applications, even though the effective height is
very small.

Effect of Finite Ground Conductivity on
Antenna Radiation Characteristics

In the foregoing discussion of the radiation characteristics of
a short dipole, the earth was coﬁsidered a flat perfect conductor.
While this assumption may be satisfactory in some cases, the effect
of a finite conducting earth upon the radiation characteristics of a
short dipole in the VLF frequency range merits further consideration.
The major effect of the finite conductivity of the earth upon the
radiation pattern of the space wave is that it reduces the magnitude
of the field, at low angles, from its wvalue over a perfectly conducting

12
earth, as shown in Figure 20. The functional parameter n is
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Fig. 20a--Vertical radiation pattern for the sky wave of a
short dipole located on the surface of a flat earth.
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Fig. 20b--Vertical radiation pattern for the ground wave of a
short dipole located on the surface of a flat earth.
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5
a = 18 x 1070 5)

fMHzE .

where

€. is the relative dielectric constant,
fyuz is frequency is megacycles, and

0 1is the earth conductivity in mhos per cm.

The reduction in field magnitude is caused by the rapid changes
of the ground reflection coefficient for angles near the pseudo-
Brewster angle, which is a function of earth conductivity. At angles
of incidence below the pseduo-Brewster angle, the phase of the reflec-
tion coefficients is approximately zero, and at angles above it is
180 degrees. Thus, the reflected wave tends to cancel the propagated
wave below the pseudo-Brewster angle, and tends to reinforce the pro-
pagated wave above the angle. If an average value is assumed for
€., and if a frequency of 20 kHz is considered, with conductivities
ranging from 1 x 1076 mho/cm (poor) to 2 x 107> mho/cm (average),

then

6 < n < 120, (46)

where e, = 15. The dielectric constant is reasonably stable for
different conductivities, and these values of n will not vary
appreciably as a function of the dielectric constant. It is apparent

that the effect of the finite conductivity is to reduce the signal
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strength at low angles for these values of n, as indicated in Figure 20.
The reduction of field strength at low angles indicates that the selec-
tion of the transmitter location is extremely important for long range
space wave communications, which require radiation at low elevation
angles. Whenever possible, a site having high conductivity in the first
few wavelengths from the antenna should be selected‘in order to minimize
this effect.

In this particular system, the communications path is approximately
320 km, which is relatively short. The angle of incidence measured
from the horizontal is of the order of 25 degrees, if a mean height
of 75 km is assumed for the ionosphere. Since the lowest conductivity

> mhos/cm,

for any portion of the proposed propagation path is 3 x 10~
(n = 180)-* the angle of elevation of the vertical radiation space

wave pattern will be less than 25 degrees. This fact indicates that

the finite conductivity of the earth will alter the radiated reflected
sky wave magnitude only slightly over the proposed propagation path.

The magnitude of the ground wave radiated from the vertical radiator
is also dependent on the finite conductivity of the earth. For large
values of n (low frequencies andvgood conductivity), the unattenuated
radiated ground wave is very small, except near grazing angles near
the earth's surface. For smaller values of n, the unattenuated ground
wave has an appreciable value at higher angles, as shown in Figure 19.

The attenuation of the ground wave received at a remote point on a

flat earth is, thus, a function of the earth conductivity. This effect

*Fce Map of Ground Conductivity in the United States.
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of the earth's conductivity on ground wéve signal strength is, however,
accounted for in the calculation of the attenuation factor.

Wait and Conda33 have treated.the problem of the effect of the
earth conductivity on the antenna radiation pattern of a vertical
radiator over a curved lossy surface. This investigation indicates
that the over-all effect of the curved lossy surface can be included
in the calculation of the field strength as a multiplicative correction
factor. The modification of the radiated antenna pattern can be
described in terms of a "cutback-factor," C;. This factor can be

described as

for ig > 5° which is of interest to the study. Rg”

plane wave reflection for vertical polarization at the ground which

is the complex

has been studied by many workers.z’12 The launching loss is also

defined in terms of the terrian "cutback factor" as

L, = -20 Logyq Cg. | (48)
A typical curve of launch loss as a function of launching angle is
presented in Fig. 21 for a frequency of 20 kHz.

It is interesting to note that this effect is a direct result
of the curvature and conductivity of the earth. Hence, the sky
wave field intensity is reduced under some conditions by being propa-

pagated over a lossy curved surface, and Equation (4) can now be
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5
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0
o= 4mho/y, €,~80 (sea water)
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g’

Fig. 21.--Magnitude of launching loss for f = 20 kHz
as a function of launching angle.
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modified as

—

— _ F l . . .
|Eg ml = 51 Gy (ig) RaDnCos(i,) Cf Ce, (49)
Lg,
where Cgy = cutback factor at the transmitting location
and Cep = cutback factor at the receiving location, and the phase

of each cutback factor must be included in the equation for total
- phase shift. Equation (49) describes the vertical electric field
strength of the mth reflected wave as would be received by an

antenna located on the earth's surface.

Tonospheric Convergence Factor

Another geometrical phenomenon that tends to reduce the effective

sky wave field strength is related to the fundamental spreading

o it

y property or inverse square law of propagated waves. As an electromagnetic
“( field propagates from the transmitting antenna, the wave front is spheri-
cal in nature with a radius of curvature equal to the distance traveled,
and the intensity of the wave decreases with increasing distance because
L] the power per unit solid angle is spread over a correspondingly larger
] surface area. TIf the wave is reflected from a flat mirror-like surface,
‘i the wave front continues to diverge; however, in the case of the curved
ionosphere, it may continue to diverge or it may even converge at larger
distances. This effect can be corrected in a manner similar to the
"cutback factor'" where the field strength magnitude is altered to
account for the effect. Norton3* has treated this problem extensively
and an example of this work for a one skip or hop reflection is

presented in Fig. 22 for f = 30kHz. It is evident from this curve
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that at the distances involved here (200 miles or 320 km), the effect
of the convergence factor is almost negligible.
Calculation of Total Field Employing
both Ground and Skywaves

The total wertical electric field propagated over the 200 mi (320 km)
path can be calculated frém (1) if the various amplitude and phase modi-
fication terms are included when appropiate to the specified condition.
This can best be accomplished by first calculating the ground and sky
wave components separately before a composite solution is attempted.

Using this approach, the magnitude of the ground wave field contri-
bution can be expressed in terms of radiated power from (2) and (20)
as

Byl = 5.9 @* @t 1073 wy/m . (50)

g

Equation (50) can be expressed in decibel form which will simplify the

calculation of ]Eél ; hence,

]Egl (db, 1yV/m) = 75.4 + 20 Log A + 10 Log P, - 20 Log Lg (51)
where the field strength in db is referenced to 1 pV/m. If a propa-
gation distance of 200 mi is assumed for a radiated power of 1 watt,

then (51) becomes

[Eg| (@b, 1 pv/m) = 29.4 + 20 Log A. (52)
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The value of A, the ground attenuation factor, can be obtained from (3)
. . 12 18 21
or from available curves in Jordon, Watt, or Norton. This factor

3
may also be obtained from Wait's surface impedance concept. 3 Since

the conductivity varies by a factor of about 2(6 to 3 x 10_3 mho/m)

over fhe propagation path, a median value of 4 x 10_3mho/m is used

in the calculation of ground wave field intensity. Additional calcula-

A tions of field intensity over the 200 mi path are presented so that

3 the effect of reduced conductivity can be obtained. -The Gold Hill
Station is located on a geological boundry between a plain and mountainous

i region (the Piedmonts), and as a consequence, the geology varies greatly

in this region. This particular site appears to have a fairly high

o content of mica in the clay soil, and the actual conductivity at

i the transmitter is, in all 1ike1yhood, lower than that anticipated.

The probable conductivity is somewhat between that of rocks (10'8mho/m)

and dry ground (1 x 10-3 mho/m). This will certainly influence the

m
)
;,s

over-all propagation on the "down-path," (Gold Hill to Fairhope)
because the conductivity in the immediate vicinity of the transmitting
antenna has a major influence in the radiated power. Thus, from

Table 2, the magnitude of the ground wave field intensity for the

"down-path" is

15.4 (db, luv/m) < [Eg| < 28.4 (db, 1uV/m) (53)

¥FCC Map for Ground Conductivity in the United States.
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TABLE 2

MAGNITUDES OF PROPAGATED GROUND WAVE FIELDS OVER
THE 200 MI PATH FOR DIFFERENT CONDUCTIVITIES.*

Quantity . Frequency and Conductivity
20kHz 20kHz 20kHz
4x10=3mho/ 10-4mho/y, 10-5mho/m

A 0.99 . 0.71 0.1

% -50° -85° -90°

n 220 5 0.6
3 Constant (52) 29.4db 29.4db 29.4db
- 20 Log A -1.0db -3.0db -20.0db
? [Eg| @b, Yw/m)  28.44b 26.4db 9.4db
) Iﬁé] UV /m 26.3uV 21.04v 2. 954

)
sk

¥er ® 15 and Py = 1 watt.
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or

5.9 wv/m < |Eé| < 27 py/m

and that of the "up-path" is

[k

IEgI 28(db, 1% /m) (53)

or

1

Iﬁél 27 uV/m

for 1 watt radiated power as calculated for f = 20 kHz. This frequency
is used because almost all the available data is measured or calculated
in this region. The effect of the poor conductivity upon the radiation
characteristics of a vertical monopole is quite evident from Fig. 20
for the calculated wvalues of n also given in Table 2.

The magnitude of the sky-wave field contribution can be obtained
from the summation of the singly-reflected wave and all possible
multiple-hop or multiple-reflection waves which have significant mag-

nitudes. Hence, the mth-hop sky wave intensity from (49) is

- % -
Es,m| = 5.9 x 1073@ )7 @, 7" 6, (1)) RDyeos(iy) CeCpp pv/m
(54)

or
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or

IEs,m] (db, ¥ /m) = 75.4 + 10 Log B, - 20 Log Lg ; + 20 Log G (i,)
+ 20 Log R, + 20 Log D+ 20 Log Cos(ig)

+ 20 Log Cg¢ + 20 Log Cfy- (55)

An example of the calculation of the sky wave field contribution
for a 200 mile path with a radiated power of 1 watt is given as follows.
(The single-hop field contribution (m = 1) is determined). For this
calculation, the first parameters to be determined are ig,vthe angle
of incidence at the earth, and ¢, the angle of incidence at the iono-
sphere, as defined in Fig. 4. From Fig. 23, cos? is 0.435 at the
approximate height of 75 km, which is the average height of the apparent
reflection surface of the ionosphere at VLF frequencies. Then, ¢ T 640,
From Fig. 24 ig 2 220, the time delay, which can be obtained from
Fig. 25 is approximately 175 psec; Now, since velocity of propagation
is v, = distance/time, then thé sky wave path is longer than the
ground path by

6

AL, % ATv, = 175 x 1077 x 186 x 103 2 33 mi. (56)

g

Then

~ ~ .
Ls,l - Lg + ALg - 233 mi. (57)
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Fig. 23 --Cosine of the angle of incidence of the wave
at the ionosphere vs_distance between trans-
mitter and receiver.
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Fig. 24.--The angle of arrival of the wave above the
surface of the earth versus distance, L?,
between transmitter and receiver. ’
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Fig. 25,--Transmission délay time between sky wave
and ground wave based on ray length.l18
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The vertical antenna pattern factor for a short vertical dipole (which
is assumed symmetrical in azimuth) is

Gt(ig) Y cos(i) (58)

g
from (21) where iy is measured from the horizontal. The magnitude of

this factor is
Gt(ig) % cos 229 = 0.926 (59)

and the magnitude of the loss factor due to the electric field not

being vertical is also
cos(ig) ¢ cos 22° = 0.926 . (60)

The convergence factor Dy can be determined from Fig. 22 and it is
almost negligible as would be expected over this short distance

(20 log D, ¢ 0.3 db). The launching factor, which becomes quite

1
important even at short distances if the conductivity is low,

cannot be determined from Fig. 21 because ig>15°. However, (48) can
be used to calculate the launching factor directly using the magnitude

and phase of the flat-earth reflection coefficient from Terman's

Radio Engiheerihg Handbook or from Watt.18 These factors are

- =
Cf, Fairhope 0.3(F = 1.94) and 1)

Gt gord ir1” 04 = 1.91)
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where R I 2 0.9%/0° for 6 x 103 mho/m and Rg” £ 0.91/0 for 3 x 10-3

gl

mho/m. The calculated launching loss for a conductivity of 10_5

mho/m decreases to approximately -=3.0db (Rg” £ 0.3/75%) . The decrease

means that the power output of a transmitter at this location, for

example, is reduced by a factor of one-half, which is a drastic reduction

of over-all efficiency.

The evaluation of the ionospheric coefficient of reflection is
not so straight-forward. One approach is to employ a theoretically-

determined value of reflection coefficient and phase angle for a

. given frequency and time being studied, which can be correlated to
the existing experimental data. This approach can be rather complex
if all components (actual and connected) of the multiple-hop wave are

included. A simple solution can be obtained which does not include

the conversion effects of the incident wave upon reflection as indicated
earlier in ( 4 ). For the 200 mi path with f assumed at 20 kHz and an
average ionospheric height of 75 km, the magnitude of the sky wave

sl field components can be evaluated for m = 1 from the reflection
coefficient “R” and phase ¢p from Fig. 5. The magnitude and phase of
the single-hop sky wave field intensities as well as the multiple-

9 hop cases of m = 2 and 3 are presented in Table 3. The parameters

used for the determination of the sky wave components are indicated

for clarity in Table 4. It is evident from the values of the indi~-

vidual sky wave field contributions (m = 1, 2, and 3), that the single-

hop field strength predominates. Therefore, in the subsequent calcu-

lation only the single-hop field will be used.

[
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TABLE 3

MAGNITUDE OF INDIVIDUAL SKY WAVE EIELD
COMPONENTS (Pr = 1 watt, € 2 15)

Quantity m = 1 2 3
g
. Constant (53) 75.4 db 75.4 db 75.4 db
g 10 log Py 0.0 0.0 0.0
20 log Lg,p -47 .4 -48.2 -52.0
20 log Gt(ig) -0.6 -3.0 -8.1
20m log Ry -17.7 -61.0 -113.0
20(m-1) log Rg“ 0.0 0.0 0.0
20 log D -0.3 0.0 0.0
; 20 log cos (ig) -0.6 -3.0 ~-8.1
wj 20 log Cg¢ -0.3 -0.3 -0.3
'i 20 log Cg, -0.4 -0.4 -0.4
- [Eg ml (@b, W/ 8.1 -50.5 -106.5
i bop ¥ mog +(m-1) o, -30° 44° -75°
| [Bg,m| vV/n 2. 54,V 3.1hv 20 pv

*
o Fairhope

— -3 _ -3
= 6 x 10 “mho/m and %old mill = 3 x 10 mho/cm.
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TABLE 4

PARAMETERS FOR CALCULATION OF SKY WAVE
COMPONENTS OF TABLE 3. (f = 20 KHz)

Quantity m =1 m = 2 = 3
¢ 64° 450 220
iy 22° 459 67°
AT 175us 200p.8 350us
AL 33 mi 64mi 186 mi
Ls,m 233 mi 264mi 386 mi
Gy (i) 0.935 0.707 0.39
cos (ig) 0.935 0.707 0.39
Ry | 0.14 0.03 0.013

o -300 220 95°
[Rg” ‘[See(61)] 1 1 1
0 0° 0° 0°

g
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The phase of both the ground wave and composite sky wave must be
determined. Since the launching factor phase delay is approximately

zero, then

and 45,1+ ﬁLg - /2 - 27ATE + mép

The phase difference between the terms on the right of each
equation is the relative phase between the ground and sky waves,
which is referenced to the antenna current. Using these equations and
the results of Tables 2, 3, and 4, the total vertical electric field
at a terminal end of the propagation is

¢ =By +E

=

- O . - - [e]
26.3c Jot-pLgH0” 5 5, Jot-pLg-120 (63)

. (o]
- 246_-;(wt pLg+ 387) uV/m

where o is the operating radian frequency (2720kHz) and BLg is phase
delay of the wave due to the propagation path.

This approximate calculation is based upon the basic reciprocal
property of the two paths and the assumption that the parameters are
not extremely sensitive to frequency, since 20 kHz was employed for
the calculation. These assumptions are valid and (63) is a reasonably

accurate measure of the expected field strength for a radiated power
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of 1 watt. It is quite evident from (63) that the field intensity is
predominately the ground wave at this short distance. Hence, even if
the launching factor is influenced by a poor conductivity at the Gold
Hill Station, the total field strength will not be affected by the sky
wave field component to any major degree. However, the magnitude of
the ground wave could be decreased severely if the conductivity of the
Gold Hill Station affects the overall average path conductivity by an
order of magnitude or more. The small magnitude variation which will
be induced by the sky wave will vary by a large amount during the course
of a year, as evident from the experimental data for the reflection
coefficient in Fig. 5. The magnitude of the diurnal phase variation

will be quite small if the results of (63) are reasonably valid.

2.54
26.3

¢4 < arc tan < 6° (64)
or less than 1 ps in time at 20 kHz. It should be noted that if a
study devoted exclusively to the space wave, reflected from the iono-
sphere, is performed at a later time, the required transmitted power
will increase somewhat or overallvefficiency must be improved.

The field strength calculated from (63) is shown on a plot of

. 16
the field strength as a function of distance from Pierce's equation, .

- L 3/46
[F_| = 210 (2 /sin 01Fc0-27E" “hyy/m (65)
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where
01is the angular distance in radians,
P. is in kilowatts,

and

f is in kiloHertzs in Fig. 26.

This equation was used in the section on signal-to-noise requirements

to establish a basis for minimum communication conditions. The equation

is a modified form of the "Austin-Cohen" formula, which was developed
on a semi-empirical basis to fit experimental results for long propa-

. . 36
gation distances.

Tuning Inductance

The input impedance of an electrically short vertical antenna is
almost entirely a capacitive reactance of large magnitude, as indicated
previously (See Fig. 11). Thus, to establish any significant magnitude
of current distribution on the antenna, large voltages are required, as
indicated in Fig. 14. Top-loading of the antenna structure of course,
minimizes this high voltage by decreasing the magnitude of the reactance.
However, in almost every case, the capacitive antenna is tuned for
resonance with an external inductance whereby the large voltages required
for appreciable power outputs are generated by resonant current flow.
In a series-tuned antenna circuit similiar to that of Fig. 10, the
high voltage requirement is eliminated; but, the current capacity of
the driving source may be quite large because the input impedance is
essentially that of the resistive losses (on the order of 3 to 5 ohms

depending on the system). To circumvent any high source current
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Fig. 26.--Field strength as a function of distance for a

radiated power of 1 W at 20 kHz .16
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Fig. 27.--Impedance matching using parallel-
tuned circuit for a short wvertical
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requirement, a "tapped parallel-tuned" circuit configuration, Fig. 27,
is employed for impedance-matching between source and antenna. The
"tapped" inductance acts as an auto-transformer to transform the large
effective resistance in shunt with the "tuned-~tank" circuit. A 3000
ohm input impedance level was selected for design purposes using this
technique. It is well to note, that this matching technique provides
a ground return external to the source for lightning protection. 1In
addition, it is well to remember that the voltage on the base of the
antenna is still in the high kV range, and, hence, a corona problem
can exist.

The actual tuning inductor can be designed in a number of ways
using low-loss litz wire, ferrite cores, and special winding techniques.
In this application, a simple single-layer solenoid is employed simply
on the basis of construction simplicity and economic feasibility. An
inductance of approximately 10 mH is required to resonant the effective
capacitance of the 300 ft antenna with a 9 in rib diameter. Based
upon this requirement, a slightly larger singly-layer inductor having
a total inductance of 12 mH was designed and constructed.

The low-frequency inductance of a single- layer solenoid or helix3/
can be obtained from the well-known expression

2

L, =Fn/d; (66)

where Lt is tuning inductance, F is a magnitude factor which is determined

is coil diameter and f is coil

by d;/4, n, is the number of turms, d
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length. Now if di/ﬂ 1, and d * 6 ft for L_ = 12mH, then

n ¥ 96 turns . ' 67)

If n. = 96 is assumed, then the turns spacings in a 6 ft. length is
n
S= Y/ % 0.751in . (68)

The selection of the wire diameter for the spacing is determined by
voltage gradient across the coil, resistance loss in the wire as a
function of skin depth, and the effective increase of the resistance

of each turn as a result of the adjacent turns. This proximity effect

is caused by induced eddy currents in the adjacent wires, and it increases
rapidly as spacing to wire diameter decreases. The actual resistance

in a single-layer solenoid, which has been studied extensively by
Butterworth,38 can be calculated from

! 2
R,, =Ry @H+ Buy +9up) ¢ (49, (69)

where a, B, 7, By Bos G' and do/c are numerical parameters determined
by the geometry and conductivity of the coil. Tables of the values
are given in Terman.37 If a wire diameter of 0.5 in is assumed for

a copper conductor, then

Rac = 19.7 Rge (70)
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where Rdc can be obtained from another well-known relation

I R (71)
In this case for % opper 2 1.7 x 1078 ohm, then Rdc 73 mQ, and

R.. ¥ 1.49. (72)
This value of loss resistance results in a Q of

Q= wL/Ry,, * 1075 for f = 20 kHz. (73)

A 6:1 scale model was constructed and tested to verify the basic design.
Although specific information concerning the quality factor of the
actual structure cannot be obtained from this study, the design equa-
tions perdicted measured parameters to a high degree of accuracy.

The winding capacitance was very low (approximately 4pf) which in-
dicates a very high self resonance can be obtained in the actual

coil. The measured voltage gradient was almost linear except near the
ends of the 6:1 structure where flux leakage became evident. This means
that the difference of potential between turns, Vt’ should be low

even at kilovolt potentials; i.e.,

v Vbase
=" n
t t
(74)
or V, ¢ 260 volts
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for Vbas = 25 kV. These results of the scale model study were obtained
e
in the presence of a shield or a model of the proposed helix house to

simulate acutal operating conditions.

A basic design for the tuning inductor based on this analysis is as

follows:

Inductance 12 mH

Turns 96

Length 6 ft

Diameter 6 ft

Wire Diameter 0.5 in (75)
Wire Spacing 0.751in

Material copper

Q %1000

RL 1.4Q

This basic design has been quite simple to construct and it is
economically feasible in both construction time and financial

investment.

Summary of Design

The major factors which influence the design of this phase stability
study system have been discussed in the previous sections of this chapter.
If the derived data are employed, a complete theoretical description
can be made once the basic decisions are reached as to (l) transmitting
antenna type, (2) the required radiated power or specific SNR require-
ment, and (3) the ground system size.

As previously discussed, the antenna design employed will be a
300 ft multiple-wire umbrella antenna which has R, % 0.16 mQ (hefo.Sa)

and Cy % 5740pf. This multiple-wire rib construction increases CA
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with only a negligible decrease in effective height for a fixed rib
length.

The radiated power required for a 2.54° phase error (SNR = 24 db)
is approximately 100 mW. as seen in Fig. 6. However, the received
signal predicted from the summation of the theoretically-obtained ground
and sky wave fields for this short propagation path is 2 db above that
predicted from Pierce's field intensity equation.16 Thus, the actual
theoretical SNR is 2db higher (26db) than anticipated. Even with this
slight increase in SNR, the rms phase error for a sinusoid plus noise
is still greater (about 2°) than the inherent mechanical error intro-
duced by the finite resolution of the receiver. If the radiated power
is increased by a factor of 10 to IW effective radiated power ,ERP,

then the rms phase error is reduced by a factor of 10% and
~ o
8¢, ¥ 0.6°. (76)

This is less than the over-all equipment induced phase for a single
receiver. A comparable rms phase error which is introduced by all

the equipment can be based on the'accuracy'ofj;lps for a single
receiver. If ¢, of a single receiver is assumed to be lus, the total
rms phase error introduced by the four receivers all of which process

the phase information in the measurement system is

2

) 2 .k
m2 T 03+ D) an
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where
&b . = total equipment induced rms error, and
E@mn = equipment induced error of the nth receiver.
Hence,
Spt = 1.42°, | (78)

and the phase error existing due entirely to SNR is, in a similar manner,

50 = 0.6(2)%
P (79)
= 0.85° .
The calculation, (79), is essentially independent of the phase error
introduced by the two reference receivers because the existing SNR

is much greater than that of the other receivers. An estimate of total

system phase error is

(80)

6o, = (802 + 802 )% = 1.65°
This corresponds to a system measurement accuracy of 1 part in 220 at
20 kHz. On the basis of these calculations, a radiated power of 1
watt is specified for the basic system design.

From (40), it can be seen that the loss resistance of the ground
system does influence the over-all system efficiency. In addition,

the curves of Fig. 12 indicate that the ground resistance is inversely
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related to the ground wire length or ground system diameter. On the
other hand, the selection of a ground system is strictly based upon

a compromise between economic feasibility and transmission efficiency.

The over-all cost increases rapidly with increased system diameters

for a low value of Rg’ as a result of the increased required acreage
and copper costs. It should be noted that for ground wire lengths
longer than about 500 ft , the relative decrease in Rg becomes much
smaller for a given increase in length. A 500 ftt‘radial ground wire
system of 120 wires, which requires on the order of 30 acres, was speci-
fied to reduce ground power losses to a minimum, based on over-all

cost. Thus, from Fig. 12,
Rg ¥ 0.350 @ 500 ft. length (81)

for a 300 ft. antenma structure. From (40), the efficiency is

M = 16mQ x 100% (82)
16mO + 1.4 + 0.35

12

0.9%

where Ry the antenna structural loss is assumed to be negligible.

From (81), the required power input Pi to the antenna system for

IW ERP is

P = 100P./n = lllwatts . (83)
i

L
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A transmitter output capability of 2kW was specified to meet the power
input requirement calculated in (82) and to supply additional power
input as might be required at some later time.

These design parameters for the basic propagation problem related

to this phase stability measurement system are summarized in Table 5.
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TABLE 5

DESIGN PARAMETERS FOR PHASE STABILITY STUDY SYSTEM

Electrical Characteristics

Parameter Value
Power Input 2kW
Power Radiated 1w
Radiation Resistance 16 mQ -
Antenna Efficiency 0.9%
Ground Resistance 0.350
Tuning Coil Resistance ‘ 1.40
Tuning Inductance - 12mH
Received Field Intensity 24 pv/m
SNR (Phase Loop) 36 db
Phase error (rms) ‘ 1.65°

g
|
G

s o
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IV. CONSTRUCTION AND EVALUATION OF
THE PROPAGATION SYSTEM
The engineering design of this transponder propagation system did

not require a tremendous financial outlay. However, a large monetary

investment, a vast number of man hours, and many items of equipment, both

of commercial and "in house'" design, have been used or expended on the
basis of this design in the fabrication of this complex propagation
system. The design and construction has been spread over several
years, principally because of the time required to purchase, fabricate,
instrument, and test this expensive and physically large structure
outside ideal laboratory conditions.

The over-all development of this system has involved many varied
systems and sub-systems which were required for operational integrity.
A simple "doubly-redundant" logic system together with its associated
coders and decoders was constructed to remote-control the transmitter
stations over commercial phone lines in conjunction with "data-phone"
sets. Automatic coding devices for amplitude modulation of the
station call signs on the transmitter outputs were constructed, and
these units are used in conjunction with specially designed diode
switches for modulation purposes. Various extremely narrow-band
notch and band-pass filters have been developed for signal processing
at both stations. All these, and many more sub-systems and related
design techniques were required for an operational propagation system.

However, these design problems are of a support nature only, and conse-

104
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quently, they are not of any significant importance to this study.

The actual fabrication and erection of the two 300 ft,multiple-
wire rib, umbrella antennas was completed under theldifection of
Andrews Tower, Inc., Fort Worth, Texas. The'site construction was
accomplished in two phases after the station land was cleared. First,

the 500 ft, 120-wire (No. 10 copper), ground system and the tower

"supports (base and "dead-men") were installed. Then, the tower

and rib sections were constructed and erected at the site. The Gold
Hill transmitter station is shown in Fig. 28. This view is almost
directly South, and the direction of propagation is, in this case,
Southwest. The complete antenna structure was made according to
the electrical désign of Chapter III with the exception that all
insulators were designed for 50 kV in anticipation of possible changes
in power-output requirements., Figs. 29 and 30 indicate the construction
techniques utilized in the fabrication of a multiple-wire rib. A
vertical view of the antenna structure from the tower base which gives
a better perspective of the umbrella-type construction is shown in
Fig. 31. 1In addition, a view of the instrumentation trailer at the
Gold Hill Station which houses the tuning coil, transmitter, and remote-
control equipment is shown in Fig. 32.

The static capacitance of the two full-scale antennas was measured

at 1 kHz with a capacitance bridge. These measured wvalues are

Ca,cold mi11~ 5160 pf and

(84)

7.2
CA,Fairhope 5200 pf.
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Figure 28.--Gold Hill VLF Transmitter Station
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Fig. 29--Terminal construction for the multiple-wire
ribs.

Fig. 30--Spacer construction for the multiple-wire
ribs. '
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Fig. 31.--Vertical view at the antenna base showing umbrella
| construction.

Fig. 32.--Instrumentation trailer at Gold Hill station housing
tuning coil, transmitter, and remote control e quipment.
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A comparison of the scale model and calculated data for an
umbrella antenna with % in rib diameters indicates about a 16 percen£
difference (see Table 1, nos. 18 and 19, and (43)). Gangi, gE_gl.Bl
has shown that accuracies on the order of 10 percent between full-
scale measurements and'calculated values can be obtained from the
nomograms. Thus, the results of this scale model study yield measured
values that are higher than the expected measured capacitance for a
full-scale structure. These higher measured values for the scale model
study are a result of the inaccuracies of the non-ideal large-ratio
scaling of the actual structure. The scale model study does, however,
indicate an increase in capacitance of 20 percent if the rib diameter
is increased to 9 in. These data more significantly show that a con-
siderable increase in capacitance is also obtained with the increase in
rib diameter as a result of the comparison between the actual measured
data and calculated values. The capacitance is increased about 1000 pf
above the calculated value, which is a 24 percent increase in total
capacitance in this case. Thus, this multiple-wire construction can be
used to considerable advantage to increase the effective height of such
structures with shorter rib lengths and/or the total capacitance can be
increased for a given antenna configuration. The effective capacitance for
either antenna at the operating frequency is reduced about 4 percent as a
result of the parasitic inductance. The total capacitance of the com-
pleted structure at the Gold Hill Station measures 5812 pf (Q=525) which

includes the added stray capacitance of the base insulator and isola-

tion transformer (CAFairhope = 5830 pf @21.9 kHz, Q = 545).
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No extensive antenna pattern measurement have been made for either
of the antenna systems. Ground wire currents have been measured, however,
and constant ground current contours for the Gold Hill Station are shown
in Fig. 33. These contours are indicative of the electric field
pattern of the antenna structures since these ground currents are
related to the displacement currents of the fields and the magnetically-
induced currents. The current distribution of a short vertical radiator
over an ideal ground plane is symmetrical in the radial direction, and
the current decreases rapidly as a function of distance from the base

20,24

of the antenna. These current contours indicate that the distribu~-
tion is not symmetrical and that the current contour magnitudes are small
as well as distorted in a northeastern direction. This reduced current
indicates‘that electrical conductivity in this direction is not homogenous
around the base of the antenna (it could be larger or smaller since

either changes the ratio I In this case, these smaller
W

ire/Iground)'
values of current indicate that the displacement currents are small,
and thereby the electric field is small, because a localized area of
fairly high mica content lies in this particular direction from the
antenna. This nonhomogeneity in éonductivity affects the propagation
characteristics of the antenna in the azimuthal direction by reducing
the effective value of the unattenuated field field strength |f;|
more than the ground propagation constant A. However, in the direc-
tion of propagation, the currents are larger. The strongest radiated
field intensity will probably be in a southernly direction,if this

current~-field correlation is employed.

The construction of the tuning coil consists of twelve grooved lami-
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nated oak, 2 in x 4 in x 7.5 ft boards equally spaced around a circular

form 6 ft in diameter. The grooved oak supports were saturated with

paraffin at elevated temperatures to reduce the moisture content and

to reduce and maintain the electrical conductivity for a more stable

and a better Q. The coil winding is 0.5 in diameter copper tubing

which was hand-wound on the forms at the 3/4 in turn spacing specified

in the coil design of (75). The total inductance Lt of the coil is 13.2mH

and Q € 95 at 20.9kHz. This indicates a total loss resistance of 18.5 ohms
' aﬁd a loss resistance RI of 17 ohms for the portion of the coil required

for actual tuning (10.82 mH at Gold Hill Station). The measured band-

width B of the tuned antenna and transmitter system is approximately

543 Hz (Af between 3 db points). Now, from a well known communications

theory equation for a parallel-tuned L-C circuit,

‘ *
| Quoad = & = 21.14 kHz/543Hz = 38.9 (85)

+h

where f is the frequency at which Q is measured,if the Q of the capaci-

tor is much greater than that of the inductor. This assumption is

3

quite adequate in this case, Q = X4/R_ ¥ 1600/16 x 107> = 10°, if

the ground loss is considered along with the inductor loss resistance.

Since the required tuning inductance and Q of the coil is known, then

an estimate of the ground resistance can be obtained as follows:

U 0ad = *¥1./RLoad | (86)

*
measurement frequency
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of Propagation
to Fairhope Current Contour
Magnitudes in mA

s Distance in ft
(Horizontal)

Fig. 33.--Constant ground-wire current contours for Gold
Hill Station.
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by definition; hence,
= =2 .82 x 21.14 Xk .9 = .
R o XL/QLoad n x 10.82 x 21.14 kHz/38.9 = 379 (87)

Now, since the transmitter is matched to the resistive tank circuit,

the total loss resistance is
Rt = RLoad/2 = 18.50. (88)

If (33) is substituted in (88), then

or (89)

if the structural loss resistance and radiation resistance is assumed
negligible in comparison to both RI and Rg. This value of Rg’ which is
determined on the basis of system bandwidth, is of the same order of mag-
nitude as the ground resistances of 2.30 (Fairhope) and 2.50 (Gold Hill)
which are specified by the measured values of actual Q's.

Fig. 34 shows the feed-through insulator and associated connecting
line to the base of the antenna. - A shunt~lightning arrestor can be
seen attached to this line. The RF-AC isolation transformer for the
antenna lightning system can be seen to the left of the tower base.
The transmitter installation, which consists of (1) power amplifier,
(2) frequency synthesizer, (3) frequency standard, and (4) call-sign
code modulator, is shown in Fig. 35. These units are located on the

wall in front of the coil room so that the RF signal can be matched

to the coil over the shortest transmission path. The coil room consists



Fig. 34.--View of antenna base showing feed system, lightning arrestor
and RF-AC isolation transformer for tower lights (left).

[ S

Power Amplifier (2KW) Standard, Synthesizer and Coder

Fig. 35.--Transmitter installation in instrumentation trailer.
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of a 12 £t closed-in section of the instrumentation trailer nearest
the antenna tower (see Fig. 32). The remaining portion of the trailer
is used as an instrument and equipment room and a work area. Both
transmitting stations have identical installations with the exception
of the added receiving systems at the Fairhope Station.

The absolute measurement of electromagnetic field intensity
radiated from a transmitting source over a given range with a known
power input for determination of propagation characteristics can be a
most difficult problem. The problem is quite similar to that encount-
ered in the engineering design where not only does the antenna and
the propagation characteristics affect the measurement, but the accuracy
of the measurement equipment becomes involved. Field strength measure-
ments have been made over the "up" and "down'" paths using the receivers
and antennas procured for this study. The voltage amplitude calibra-
tion for each receiver was verified to insure accurate measurements,
and a simple broadband ﬁhip antenna having he=0’3 cm was used to sample
the vertically polarized component of the electromagnetic field. The
average field strength magnitude measured over the Gold Hill-Fairhope
path was 3.3 pv/m during the winter and spring of 1968. A variation of
a factor of three above and below this measured amplitude was observed.
The field strength of the Fairhope-Auburn path was measured somewhat
higher on the average, about 10.5 pv/m (measured voltage 0.0317uv),
with about the same amplitude variation during the same period. These
values are somewhat lower than the predicted values for the mean con-
ductivity of the path; the error in both cases is approximately -17.2db

(1 to 7.3) and -7.2 db (1 to 2.28) respectively. Some of this error
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may be attributed to the specified effective height of the field sampling

antenna which was employed in the determination of the field strength
- * .
(IE]he = volts). However, the error in the Fairhope-Auburn path is

quite reasonable for the theoretical engineering design of this type .

An estimate of radiation resistance can be made from (20) if the
7 antenna base voltage is known, and the radiated power is assumed to be

, 2 .
E P =I0 R, and I = %E « If the measured field strength intensity is

r A
i now transfered to the reference distance of one mile using (2) where

from Table 2, A = 0.99, then
R.= X /v,) (|E|L 1073/5.98)% . (90)
r A D g '8

The sky wave is assumed negligible in the calculation of (90). For

full transmitter power input to the antenna, vy ¥ 17kV and Cp 2 5200 pf,

hence

o~
R, Fairhope ~ 10 m (91)

which is slightly less than the 16 m( predicted. The effective radia-
tion resistance of the Gold Hill antenna is less by a factor of the
square of the ratio of the two field strengths (about 1 mQ). The

! over-all system effeciencies can also be estimated on the basis of

(39), i.e.,
I ? R 2
= P = 1o T = V'R
n= - 100% S 100% -B-X- 100% . (92)
in Pin Xp% P,

3
.
i

ol

*¥Private conversation; Dr. S. N. Witt, RMS, Inc., Atlanta, Georgia.

]
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Thus,

"eold mill O Ot% (93)

and,

* 0.082% 9%
T]Fairhope % (94)

12

where G, = 5200 pf, v, ® 17kv, P, = 2kW. The efficiencies are an
order of magnitude lower than the predicted values which indicates
higher effective losses. However, these losses may include other

effects besides the resistive components, such as the antenna

radiation pattern effects. The efficiency can also be calculated

from the determined values of Rr’ RI’ and Rg from (40); hence,

2(1 x 1073/17 + 2.5 + 0.001 100% ¥ 0.0051% 95
eotd w111 & % / ) x (93

and
1 (10 x 10-3/16 + 2.3 + 0.01) x 100% = 0.0543% (96)
Fairhope
These values are of about thé same order of magnitude as those values
of (93) and (94).
The diurnal phase wvariations of these propagation paths
have been observed and recorded several times recently for
the sole purpose of estimating the interference between the sky

wave and the ground wave. In Figure (36), a typical morning and night
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diurnal phase change for the up-path" is presented. Tt is very
difficult to estimate the total phase from the morning change in phase
because of the "over-shoot" and the probable drift between the phase
reference (this is an "open-loop" measurement). This overshoot
phenomenon is quite pronounced if transmission occurs along the sun-
rise line, and, as yet, it is not fully explained.* However, a compari-
son of the slopes of the phases curves (see dotted lines in Fig. 36)
before and after sunset indicates approximately a 1.5 pys phase shift.
This measured phase change compares quite favorably with the maximum
phase shift of 1 ys predicted from (63).

Extensive measurements of the atmospheric noise power densities
at the two stations have not been made in the course of this work.
Some samples of effective noise field strengths have been made, how-
ever, during winter and spring of 1968 employing a tuned voltmeter
(noise bandwidth ¥ 10 Hz). Measurements were made on a frequency of
21.9 kHz with a standard broadband whip antenna at the Auburn Control
Station. The average value of the rms noise level in a 1 kHz noise
bandwidth varied between 3mV/m to 10mV/m (72 to 80 db above IpV/m at
1 kHz bandwidth). This is approkimately 10 decibels above the level
predicted and is possibly a result of the control station location.
The control station is located in the Textile Building on the Auburn
University Campus, which is surrounded by a small, densely-populated,
town. The man-made noise from this environment is most likely the

factor creating a large background noise level at this frequency. Noise

*Private Conversations: D. D. Crombie, Head, ELF - VLF Lab, NBS,
Boulder, Colorado.
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peaks as high as 450 mV/m to 600 mV/m have been observed during local

thunderstorm activity; however, normal peak values are on the order of

60 mV/m or less. This increase in ambient noise levels directly reduces

the over-all signal-to-noise ratio. The reduction in SNR leads to more

uncertainty of the actual signal phase, and the accuracy of the phase
measured is reduced by an appropriate factor. In the case of a 10 db
increase in noise, the rms phase error due to atmospheric noise

£
(assumed equal at both locations) is increased (10)%, and hence,

2 2 %
5%, (105d>p +50 mt) (97)

from (80). Hence, from (78) and (79)

56 % 3.05° . (98)

This corresponds to an accuracy of about 1 part in 120.
A technique for continuously monitoring the SNR of the VLF phase

stability measurements has been developed to indicate the relative preci-

1
!
4

sion of the phase comparison. The technique (See Appendix B) is based on a
; computer~-aided measurement of SNR using a time-interval meter or counter.
The time interval meter is used to present a digital output related to
the signal period. This actual period count contains the SNR information.

Hence, the period data can be recorded simultaneously with the phase

data, and the SNR can be calculated on an almost continuous basis as
the phase data is analyzed. The signal-to-noise ratio measured for the

reference receiver at the control station (20.9 kHz from Gold Hill) is
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SNR = 76.8 db (99)

which corresponds to an rms phase jitter of less than 0.49 degrees. The

SNR of the '"up-path" from Fairhope employing this technique is
SNR = 69.9 db (100)

which corresponds to a phase error of 0.72 degrees.

The phase stability study system was designed so that commercially
available equipment could be employed as functional parts of the sys-
tem if the equipment requirements and specifications were compatible
The basic type of receiving equipment procured for the system was the
RMS, Tnc. Model 1320 VLF phase tracking receiver . These receivers
are constructed with the very lastest state—of-the-aft technology
employing electronic phase control. Many features of this receiver
are advantageous when compared to the older receivers using mechanical
phase control; but, there are two features that are most important
to this system. These are (1) sensitivity (an increase of a factor
of 10) and (2) variable effective bandwidths (.002 Hz’to .007 Hz
at 20 kHz). The corresponding control system time constants, T, are
33 seconds and 2 seconds, respectively. The upper cut-off frequency

response (f.) due to phase variations is

0.3 cycles/min < £,<4.8 cycles/min (101)
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where £, = 1/2nt. These frequency responses are quite adequate for
this study since the highest frequency component of the phase variation
even considered in the study is on the order of 0.16 cycles/min. How-
ever, the over-all system response is related to the response times of
all four receivers. An estimate of the total time constant, Ty, of

the system can be obtained from

2

%
T, = T )*
e = & T

) (102)
where T, is the response time constant of the nth receiver, and the
phase-lock is assumed to be continuous (no loss of a cycle or multiple
thereof during a phase change). It is quite evident that the reference
receivers should be operated at the fastest tracking rates (larger
bandwidth), so that the over-all response time (small time constant)

can be as rapid as possible. Thus, if 11 = 19 > > T3s Tgo» then,

from (102),
e = ()% (103)

and the time constant and the cut-off frequency are altered by a factor

(2)%. Hence, the over-system cut-off frequency is

£, = 0.212 cycles/min (104)

for Ty, T1 = 33 sec and 7 = 2 sec. The system response under these

327y
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conditions is virtually independent of the reference receiver time
responses. The response of the over-all phase study system operating
in a closed-loop mode is shown in Fig. 37 for a step changé in phase.
The total response time tt for this step of phase change is approximately
200 seconds which is somewhat longer than the predicted time of (104)
‘where t,_ ® 0.35/% ¥ (99 sec.).

A view of the Auburn Control Station showing the receivers,
frequency standard or reference, and the data acquisition system is
presented in Fig. 38. As is indicated in Fig. 3, an output signal
from the reference receiver, which is phase coherent with the received
signal of the reference receiver, is employed as the reference for a
second phase comparison receiver. Consequently, if both receivers are
tuned to the same signal frequency, the phase error sensed in the
second receiver is essentially zero because both the input and reference
signals are in phase as a result of the phase coherence maintained
in the reference receiver. This technique is employed to test the

accuracy of the receiver-reference combination for long term stability.
A typical test curve is presented in Fig. 39. The curve indicates a
possible 1 ps error over the 1ong-term measurement; however, this
error is a result of the long term stability of the recorder.

A summary of the measured parameters are presented in Table 6

together with the design parameters.
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Frequency Receivers and Data Acquisition
Standard Recorder System

Fig. 38~-Auburn control station for VLF
phase statility study system.
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TABLE 6

MEASURED PARAMETERS FOR PHASE STABILITY STUDY SYSTEM

Quantity Fairhope Gold Hill
CA (Static) 5200 pf 5160 pf
*
CA (Operating) 5830 pf 5812 pf
Q (Antenna) 545 525
Lt 9.9 mH 10.82 mH
Q (Helix) 285 84
RI 169 170
Rr 10 m 1 mQ)
R 2.30 2.50
F2)
B 2550 Hz =543 Hz
IEtI 10.5 pv/m 3.3 pv/m
n 0.082% 0.01%
SNR (Control) 69.9db @ -3 76.8db @
" B= 2x107° Hz B= 7x1072 Hz

t, (Control)

200 sec (system response time)

*
This value includes all stray capacitance.
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V. CONCLUSIONS

This study has presented the basic theoreticalldesign considera-
tions for any VLF communications system for propagation over short
distances. Using this basic design information, the propagation
problem related to the described VLF transponder system for a 200 mi
path is analyzed and design parameters are specified in Table 5. The
engineering design of this system was implemented and tested during
the years 1967 and 1968. The experimental results obtained from the
implemented system are presented in Table 6.

These experimental results compare quite favorably with the pre-
dicted values in most cases. The largest difference appears in the
predicted values of tuning coil Q's (1000 compared to 525) and in the
value of ground resistances (2.3Q compared to 0.35Q0). Both of these
errors, of course, reduce the efficiency somewhat; however, a possible
over-all loss in radiated power due to differences in design and
actual system parameters had been anticipated, and the specified trans-
mitter power output is sufficient to radiate 1 watt ERP.

The design of the antenna structures was most satisfactory. The
scale model study and the theoretically calculated values for the antenna
structure indicate that a 20 per cent increase in capacitance can be
obtained with rib diameter incréase of 1:18. The capacitance actually

obtained (5200 pf) indicates that a 24 per cent increase in total capacitance

128
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can be obtained for such a 300 ft structure employing the
multiple;wire construction. This multiple-wire type construction can
thus be used to considerable advantage to increase the effective antenna
height of such structures with a shorter rib length and/or the total
capacitance can be increased for a given antenna configuration. The
antenna radiation resistance of the Fairhope antenna is of the same
order of magnitude as that predicted. The radiation resistance of the
Gold Hill antenna is somewhat lower and this may be a result of the local
conductivity.

The measurement of signal-to-noise is one very important aspect
of establishing the performance characteristics of this propagation
system. The technique presented here, which uses a time interval counter
in conjunction with a digital computer, can determine system SNR's
accurately at the same time as the phase data is being analyzed. Thus,
the SNR can be monitored on a long-term basis almost continuously.
The results of a signal-to-noise measurement at the noisiest time of

day using this technique (see (99) and (100)) indicates that a system

“accuracy of about 1 part in 190 can be obtained for the specified

equipment error if the SNR at both locations are equal. This result
is slightly better than that determined from a cursory measurement of
rms ambient noise as specified in (97) and (98).

The closed-loop operation of this system with full power output
was obtained only recently. This mode of operation had been hindered
as a result of the interference of the transmitter signal at 21.9 kHz

and the received signal at 20.9 kHz. This, of course, is a direct
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result of the large difference in power levels, and the close spacing

in operating frequencies (1 kHz) which is required to minimize dispersive
effects in the propagation media. A cascaded band-pass and notch filter
has been used to minimize this problem so that a closed-loop mode of
operation can be obtained. A typical plot of the phase comparison
recording for the closed-loop transponder system is shown in Fig. 40a.
It is interesting to mote that the composite phase plot does not have

a definite slope like that of the reference phase, since there is no
frequency error and, thus, no "ramp-type" accumulated phase. The jump
in reference phase of about 7 s appears to be a result of the Gold Hill
frequency standard or the frequency synthesizer because it does not
appear in the total phase response and, thus, it was canceled by the
reference receiver in the over-all phase plot. The total diurnal phase
variation for the closed-loop appears to be about double that of the
one-way path (3us) and a definite change in the slope of the phase

data is indicated before and after sumnset. The phase plot also exhibits
the '"noisy" characteristic appearance of night time VLF propagation
after sunset (about 8:30 pm, CDT). Fig. 40b shows the one-way phase
variation measured simultaneously at the Fairhope transponder station
with that data of Fig. 40a. The calibration of the actual phase is only
approximate, but the plot does indicate the relative change in diurnal
phase as previously indicated. 1t is also interesting to note again
that the closed-loop system has a response time of about 200 sec for

a step change in phase (Gold Hill Transmitter) of 12 psec; this compares

favorably with the 99 sec response time predicted.
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The actual values of the design parameters obtained here are not
exact, as is characteristic of any. engineering design, particularly
propagation studies. Even the system itself, of course, is to be
employed to study statistically the phase stability of propagation over
this path because the phase characteristics are variable and, hence,
cannot be determined precisely. Even so, the over-all results compared
quite satisfactorily, and this completed system represents a unique

tool for the study of VLF propagation over short distances.
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APPENDIX A

List of Symbols

_Symbol Definition _Usual Units
A ‘ground wave attenuation factor -
) AP peak amplitude of a sinusoidal voltage signal v
Ams rms value of Ap v
a antenna physical height ft
Cg terrain cutback-factor -
Cpe equivalent antenna capacitance ‘pf
D, ionospheric Convergence factor -
? D distance to extremities of umbrella ft
’ antenna support wires
é d vertical distance from top of umbrella £t
= antenna to insulator
3 d; diameter of coil £t
! E£ | total electric field strength v/m
M; ,‘Eél magnitude of ground wave electric field v/m
| igs,m‘ magnitude of the mth sky wave electric v/m
wé E(t) time dependent electric field v/m
]?;I magnitude of unattenuated field strength mv/m
from a vertical radiator @ 1 m
£ frequency Hz
io frequency at which a monopole antenna is Hz

A/4 in length
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Definition
cut-off frequency (3 db)
magnitude factor in coil calculation
normalized voltage gain of an antenna
radian height of an antenna
angular height of an antenna
height of ionosphere
effective height of an antenna
angle of incidence at earth's surface
antenna current

propagation distance measured along
the earth's surface

propagation distance of the mEh sky wave
launching loss

log to base 10

log to base ¢

inductance

length of coil

layer gradient scale factor (conductivity
change of a 2.71 ratio)

changing vertical moment on an antenna
number of ribs

numerical constant

number of coil turns

radiated power

Usual units

Hz

radians
degrees
km
km
degrees
amperes

mi

mi

henry
ft

km

amp m
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Symbol Definition Usual units

Pi total input power to system W

Pa total power loss in ground W

P, power loss in wires w

Pe power loss in ground adjacent to wires W

| PX power loss in ground beyond wires W
- Q quality factor -
Ry loss resistance Q
Rr radiation resistance mf)

RI inductor loss resistance Q

E Rg ground loss resistance Q
. RA antenna structural loss resistance Q
Mj Rac ac resistance Q
“} Ric dc resistance Q
; RAe effective shunt resistance -
;E Rg” ground reflection coefficient -
. R, composite ionospheric reflection coefficient -
HW} ”R” ionospheric reflection coefficient in the -

plane incident

 W§ ry antenna tower radius ft
ro umbrella rib radius in
S turns spacing for coils in

tt total system time response s

T fundamental period of a sinusoid s

of frequency £
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Symbol Definition Usual units
v, velocity of light is free space m/s
Vp antenna base voltage kv
Vt voltage between coil turns v
W power input to antenna W
WE XA capacitive reactance of antenna Q
vy XL inductive reactance Q
.% Z antenna input impedance Q
”? B free-space propagation constant radians/m
! AAP amplitude change in AP v
“E AT differential period increment s
’1 At differential time increment ]
Wj 5%p rms phase error radians
M oom rms mechanical error radians
= 5t rms time error s
kz €, permittivity farads/m
ol
Y €y relative permittivity -
‘é €, permittivity of free space farads/m
1 6 90-1i degrees
! g
= 91 angular distance radians
A wavelength m
ko free space wavelength m
1 efficiency percent
o conductivity mho/m
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Description

time constant
composite time constant

th
n~~ time constant
ground wave phase
antenna current phase
ground antenuation factor phase
diurnal phase shift

sky wave phase

phase of ionoshperic reflection
coefficient '

phase of a sinusoid

angle of incidence at the ionosphere

Usual units

s
degrees
degrees
degrees
degrees
degrees

degrees

degrees

degrees
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APPENDIX B
A COMPUTER-AIDED MEASUREMENT OF SNR

EMPLOYING A TIME INTERVAL COUNTER

The accuracy of any phase measurement of a sinusoid, as well as
the ultimate sensitivity of any communication system, is limited by the
noise present within the bandwidth of the over-all system. This noise
manifests itself by varying the parameters of the observed signals both
in effective amplitude and phase. Consequently, the extraction of in-
formation from this combination of signal and noise is limited by the
uncertainty of the signal parameters. The theoretical description of
a sinusoid, plus random noise, for both phase measurements and communica-
tions applications can be obtained from various approximate and completely
statistical techniqutes.39-41 These descriptions of this problem relate
the desired signal parameters in terms of the existing signal-to-noise
ratios (SNR).

For a brief review of the signal-to-noise problem, consider the
simple geometric relationships between the signal and the statistical
parameters of the added noise as shown in Fig. 8. It can be shown that
the root-mean-square (rms) errors of the signal parameters can be ex-
pressed by relationships between the known signal parameters and the
existing SNR. A very simple technique to obtain these relationships

23
is described by Skolink as applied to radar applications for large
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SNR. If a noise component is introduced in the transmission system with

a monochromatic sinusoid, as shown in Fig. 8, then the apparent amplitude

is increased above the actual value by an amount AAP = n(t). If the

error in the time at the zero-axis corssing as a result of the added

noise is now considered, then, from Fig. 8,

At = n(t) (105)
zero-crossing slope
Therefore, the rms time error can be expressed as
‘‘‘‘‘‘ - .
5t = (n(t)")*/Apw (106)

2 %
where (n(t) )? is the rms value of the noise, the zero crossing slope

is just the slope of the sinusoid for t = 0 or Adwcoswt £ =0 AP is

the sinusoid amplitude, and ® is the radian frequency of the sinusoid.

G i

This effective time change is a result of the arithmetic summation
of the signal and noise which changes the actual zero-crossing of the
waveform. The rms error of the period T, which is the time between
two successive zero crossings, can easily be obtained if the two zero-

crossing measurements are independent. If this assumption is valid,

1
then the rms period error BT is just 2% multiplied by the square root

i
i

1
of the sum of the squares of the rms time error, or dT = (2)66t in

this case. The rms period error is, from (106)

5T = (2)%(n(t) 2)1/2/AP(D (107)
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or

L
8T = T/2x(SNR)* ' (108)
——— k5
where T = 1/f and SNR is power signal-to-noise ratio, (Apzln(t) )? =
i
( 2SNR)?*. Thus, the SNR can be obtained from (108) in terms of the

rms period error as
2 .
SNR = (T/2:®T) (109)

The validity of this expression holds only for the basic model where
large SNR's and independent zero crossings are assumed.

The equations for both the rms time and phase errors have been
widely used in the aerospace and radar fields to predict the accuracy
of range measurements from known SNR's. However, as indicated in (109),
it is evident that the SNR can be specified completely from the
measurement of the period or frequency of the signal and the determina-
tion of the rms period error. 1In many cases, the absolute period of
the signal is a priori informatidn; and, thus, the determination of
the rms error in the period is all that is required to specify the
SNR for a given operating condition. This result is quite important
since it means that the SNR can be determined from a single calculation
of the rms period error for a statistical sample of périod measurements.

th

The rms period error can be calculated from the m — period error

AT =Ty - T (110)
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where T 1is the measured period and T is the actual period of the
m

signal. TFor a large number of the measured time errors in the period

of a monochromatic sinusoid plus noise, the rms period error can be

calculated from

- BT = (AT )~ € (AEn) /K (111)
! Ly —=
) 1
. th .
where n is the n  measured period error for n =1, 2, 3 ... K. The

e

results of (111) will approach the theoretically derived statistical
i value for large values of K, and the existing SNR can be calculated

from (109).

SR |

A time interval counter, which has a highly stable clock frequency,

can be employed to measure the period or time lapsed between successive

|
J

zero crossings of a monochromatic sinusoid plus random noise. From

this measured period data, a simple digital computer program (or

specialized computer) can be employed to calculate the existing

SNR from (109), (110), and (111).

§ There are two basic errors that could occur in the measurement.
These are (1) uncertainty of the trigger-level at the zero-crossing

! point,42 and (2) period variations introduced independently of the noise

by the counter clock and the actual sinusoid. The error t1 introduced

by the inability of a counter to trigger the counting procedure at

the zero crossing is, from Fig. 41,

t Tt

u ~ U
Y “slope Ap2ncosfy (112)
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Triggering
- Point

Triggering Uncertainty
Level, tu

e

le—— time uncertainty, t

1

Tt ivmaiiomis

il

Fig. 41 -- The effects of uncertainty in trigger level on
the SNR measurement.
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where t1 is time uncertainty of the period, t, is trigge: level uncer-
tainty, and 91 = wtl, the angle between the input voltage zero
crossing and the triggering point Aé > tu. The normalized period

error €, is from (112)

€=_t_1-_-tu<1> (113)
m T ZRAP cos6, |

- The error introduced by trigger uncertainty is a function of the ratio

tu/Ap and inversely related to the cosine of ©1. Hence, to minimize

this error, not only must A_ > t , but the trigger sensitivity level

P u
must be maintained at a low level so the cosf; £ 1 for all measurements.
Actually, the system is so sensitive to this type error that the
condition Ap > > t, must be established if error free measurements are
to be obtained for these two factors. The triggering level uncertainty
error may also be emplasized if the trigger-reset levels are not
established around zero amplitude. This result is valid for narrow-
band systems, where the time rate-of-change of the signal plus noise
can be qonsidered approximately equal to that of the signal. For wide
bandwidths, the actual slope within the triggering level and zero-
crossing region will determine thé ultimate period error of (112).

If an error €, is introduced in the actual period measurement

as a result of period instability of the clock or the input signal,

then, the rms period error 3T is

K
i
8T = < Z (ar + en)z/K> 2 (114)
1
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or

X %

BT = { Z (ATnz/K) (1 + (2e,/AT ) } (115)
1

for € <<ATn and n =1, 2, 3 ... K. Thus, the frequency or period
. errors of the clock and signal are actually masked somewhat for

the case where En < AIn. However, if no added noise is present,

% ‘ (114) becomes
L

- K 2
8 : ;ﬂ €n

. 8T = —_ : 116
,% /[, X (116)
rip 1

|
o which determines the basic limiting value for measuring SNR with the

i : system.

Measurements of the period of a 1 kHz signal on a one period basis

: have been made for known SNR's in a narrow-bandwidth system. Random

noise obtained from a General Radio Type 1390-B generator was summed
o after amplification with a 1 kHz signal from a Rhode and Schwarz
o frequency standard. The arithmetic summation of signals was processed
through a narrow-band filter, andvthe signal and noise were measured
independently with a true rms voltmeter. The period counts, which
were obtained with a Hewlett-Packard Model 2245 counter with time-
intervgl plug-in, were recorded in digital form, and processed on a

computer to calculate the signal-to-noise ratios. The ratio of peak

signal to sensitivity or trigger lewel was approximately 25 to 1 for

the measurements, which corresponds to an angle ¢p of 2.3°. 1t was found

after some experimentation that a set of 100 data points (K = 100)
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constituted a good statistical sample for the measurements described
here. Computer calculations for the measured SNR are presented in
Fig. 42. These results indicate that a very high degree of accuracy
can be obtained in using a computer-aided technique employing a time
interval counter. It is interesting to note that computed accuracy

decreases above 60 db as the limiting system SNR, which is based on

(116), is approached.

m% This technique is, in general, limited to the low frequency
spectrum as a result of the counter limitations; however, frequency

" translation techniques may possibly be used to obtain measured values

of SNR at higher frequencies.

o This technique was developed to monitor the SNR for this type

of long-term phase stability propagation study. The period measurements

are to be recorded on magnetic tape along with the phase information

for the propagation study. The relative accuracy of the phase measure-

ment is then to be determined on an almost continuous basis as the

-
I

~ phase data is analyzed on a digital computer.
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